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ABSTRACT

Band 3 is the major intrinsic protein of the human erythrocyte
membrane as well as the putative site for anion permeation through
the membrane. It can be specifically labeled in intact erythrocytes
with the covalent fluorescent probe eosin-isothiocyanate. The lateral
mobility of labeled band 3 in the plane of the membrane under various
conditions of ionic strength and temperature was examined using the
fluorescence photobleaching recovery technique. Low temperature
and high ionic strength favored immobilization of band 3 (10%
mobile at 21°C) as well as slow diffusion of the mobile fraction
(diffusion coefficient (D) = 4 x 10

cm /sec at 21°C). Increasing

temperature and decreasing ionic strength led to an increase in the
fraction of mobile band 3 (>90% mobile at 37°C) and a reversible
increase in the diffusion rate of the mobile fraction (D = 2 x 10

-9

2

cm /sec at 37°C). These two effects were markedly dissociated by
their ionic strength and temperature dependencies, however, in
that the fraction of mobile band 3 always increased before (i.e. at
higher ionic strength and lower temperature than) the increase in
diffusion rate. This dissociation was manifested kinetically on
prolonged incubation of ghosts at constant ionic strength and
temperature: the diffusion rate of the mobile fraction increased
very slowly for the first hour and much more rapidly over the
following two hours, whereas the fraction of mobile band 3 increased
to >90% within the first hour and remained maximal for the duration

•

of the experiment. Further, changes in diffusion rate with temperature
were promptly and totally reversible whereas increases in the mobile
fraction were only slowly and partially reversible. These effects
were shown not to be due to complete dissociation of spectrin, the
major protein of the erythrocyte cytoskeleton, from the membrane.
To be consistent with these observations, any model for erythrocyte
membrane structure must include at least two separate processes
capable of restricting the lateral mobility of band 3. The process
which determines the rate at which the mobile fraction of band 3
diffuses must be a completely reversible one; this may involve
a metastable state of cytoskeleton structure intermediate between
tight binding to and complete dissociation from the membrane.

Dedicated to my parents,
without whose emotional,
educational, and financial
support this work would
have been impossible.

V

ACKNOWLEDGMENTS

I thank above all my thesis advisor. Dr. William Veatch,
for his untiring support and encouragement. He provided countless
hours of teaching mixed with a genuine and warm friendship. I am
grateful to Dr. Gerald Fischbach for his unselfish loans of various
pieces of equipment (fluorescence microscope, air stream stage
incubator) and instruction in their use. Dr. Samuel Latt kindly
provided the oil immersion objective used in this work. I especially
thank Drs. Jon Morrow and Vincent Marchesi for discussions which
led to various hypotheses upon which this thesis is based. I am
grateful to the Department of Molecular Biophysics and Biochemistry
and the Medical Scientist Training Program at Yale University for
their support, and especially to Drs. Frederic Richards and
James Jamieson for allowing me to pursue the paths of scientific
inquiry wherever they led. I also thank the members of the Department
of Pharmacology at Harvard Medical School for welcoming me into
their community. I thank Ms. Jane Gharibian for excellent technical
assistance. Finally, I want to thank Laura for her companionship
and love when the need was greatest.
I gratefully acknowledge a National Institutes of Health Medical Scientist Training Program traineeship for the entire period
in which this work was conducted.

CONTENTS
£a^e
Introduction .

1

Chapter 1. Literature Review .
7
A. The Erythrocyte Membrane .
7
1. General Review of Structure .
7
a. The Lipid Bilayer.
7
b. The Proteins.
8
2. Band 3.
12
a. Physical and Chemical Properties
.
12
b. Conformation in the Membrane.14
c. Associations with Other Membrane Proteins ...
19
d. Functions.20
3. Cytoskeleton.24
a. Definitions and Components
. 24
b. Spectrin: Structure in Solution . 26
c. Spectrin: Polymerization with Actin and Band 4.1 27
d. Spectrin: Binding to the Membrane.28
4. Band 3 - Cytoskeleton Interactions.31
a. Band 3 - Ankyrin.31
b. Band 3 - Spectrin.32
B. Measurements of Lateral Diffusion .
36
1. Protein Diffusion
.
36
a. Cell Fusion.37
b. Photobleaching Recovery . 41
2. Lipid Diffusion.42
Chapter 2. Fluorescence Photobleaching Recovery System . 45
A. Theory.45
1. Design of the Experiment.45
2. Photobleaching.47
3. Fluorescence Recovery Curves . 48
B. Methods.53
1. Optics and Electronics.53
2. Experimental Data Analysis.61
3. Calibration of Beam Size and Profile.62
C. Results: Beam Calibration.65
D. Discussion.67
Chapter 3. Eosin-Isothiocyanate Labeling of Band 3 .
68
A. Materials and Methods.68
1. Labeling of Human Erythrocytes with EosinIsothiocyanate .68
2. Identification of Labeled Membrane Components . .
70
a. SDS-Polyacrylamide Gel Electrophoresis ....
70

VI 1

page
b. Selective Extraction Procedures .
71
1. Low Ionic Strength Extraction
.
71
2. Triton Extraction
.
71
3. Chloroform/Methanol Extraction .
71
B. Results.72
1. Eosin Labeling.72
2. SDS-Polyacrylamide Gel Electrophoresis .
72
3. Selective Extraction Procedures
.
74
C. Discussion.76
Chapter 4. Fluorescence Photobleaching Recovery on Eosin-Labeled
Ghosts.78
A. Methods.79
1. Fluorescence Photobleaching Recovery System ...
79
2. Preparation of the Sample. . ..79
3. Fluorescence Photobleaching Recovery Experiment .
82
B. Results.85
1. Effect of Ionic Strength.85
2. Effect of Temperature.95
3. Effect of Time.100
4. Rebleaching Experiments . 103
C. Discussion.105
Chapter 5. Ionic Strength-Dependent Dissociation of Spectrin
from Ghost Membranes.110
A. Methods.110
B. Results and Discussion.112
Chapter 6. Discussion . 117
A. Comparisons with Measurements of Translation and
Rotational Diffusion . 118
B. Models of Erythrocyte Membrane Structure . 127
C. Concluding Remarks.137
References

139

.

VI 1 1

TABLES

Page
1.

The Major Erythrocyte Membrane Proteins and Glycoproteins.

10

2.

Lateral Mobility of Membrane Proteins.

39

3.

Lateral Mobility of Membrane Lipids and Lipid Analogues.

44

4.

Selective Extraction Experiments on Eosin-Labeled Ghost Membranes.

75

5.

Summary of FPR Experiments on Eosin-Labeled Ghost Membranes.

...

86

6.

Rebleaching Experiments on Eosin-Labeled Ghost Membranes .

104

7.

Estimates of Membrane Viscosity.

123

IX

FIGURES

1. Models for Membrane Structure .

2

2. SDS-Polyacrylamide Gel Electrophorogram of Erythrocyte Membrane
Proteins Stained with Coomassie Blue. . .

9

3. Structure of Band 3.17
4. Structure of the Erythrocyte Cytoskeleton .

25

5. Parameters Involved in a Typical Fluorescence Photobleaching
Recovery Experiment .

46

6. Fluorophore Concentration Profiles Immediately After Bleaching

49

.

.

7. Ratio of Fluorescence Immediately After Bleaching to Fluorescence
Before Bleaching vs. Bleaching Parameter.50
8. Fluorescence Recovery F(t) vs. t/xD for Diffusion, with Gaussian
Laser Beam, for Various Values of UK.51
9. Fractional Fluorescence Recovery f(t) vs. t/ip for Diffusion, with
Gaussian Laser Beam, for Various Values of K..

51

10. Fractional Fluorescence Recovery f(t) vs. t/ip for Flow, with
Gaussian Laser Beam, for Various Values of K.r.

51

11. a. Schematic Optical and Electronic System for Fluorescence
Photobleaching Recovery.54
b. Detailed Optical System for Fluorescence Photobleaching Recovery 55
12. Scheme for Rapid Removal and Replacement of Neutral Density Filter.

58

13. Factor y, (yD or yp), vs. K for a Gaussian Beam.63
14. Flow Recovery Curve on Immobile Fluorophore Used for Beam
Calibration.66
15. SDS-Polyacrylamide Gel Electrophoresis of Eosin-Labeled Ghost
Membranes.73
16. Experimental FPR Curves Under Extreme Conditions of [NaPO^] and
Temperature.87
17. Diffusion Coefficients and Fractional Recoveries of Fluorescence
Under Various Conditions of Ionic Strength and Temperature ....

90

X

18. Smoothed Experimental Fluorescence Recovery Curves at 21°C.

91

19. Smoothed Experimental Fluorescence Recovery Curves at 37°C.

93

20. Diffusion Coefficients and Fractional Recoveries of Fluorescence
vs. Temperature at Various Ionic Strengths.96
21. Reversibility of Diffusion Coefficients and Fractional Recoveries
of Fluorescence.98
22. Diffusion Coefficients and Fractional Recoveries of Fluorescence
vs. Incubation Time at 37°C, 13 mM NaPO^.101
23. Ionic Strength Dependent Dissociation of Spectrin . 113

1

INTRODUCTION

Cell membranes exist in a dynamic state. The observed lateral
mobility of various membrane components has been instrumental in
the formulation of a series of models for membrane structure and
function introduced over the past decade. The fluid-mosaic model
of Singer and Nicolson (ref. 1, fig. la) proposes that the major
structural feature of cell membranes is a fluid lipid bilayer in
which a population of proteins heterogeneous in size, shape,
orientation, and function is embedded. Such a mosaic has no longrange order, and integral proteins are free to undergo translational
diffusion within the membrane at rates determined both by lipid
viscosity and by specific interactions (unspecified) with other
intramembranous or extramembranous components. Functional roles
for unrestricted translational diffusion are hypothesized in the
enhancement of reaction rates on the membrane and in the rapid
communication of signals across the plane of the membrane (1,2).
Evidence in support of the fluid-mosaic model has been reviewed
(1-3); much of the evidence will be presented in this thesis as
part of the literature review.
The concept of controls or restrictions on the lateral mobility
of membrane elements has proven to be an even more interesting
avenue of investigation than the notion of lateral mobility itself.
The fact that ligand binding by a cell surface receptor protein, for
example, can lead to restriction of the lateral mobility of membrane
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Figure 1. Models for Membrane Structure

a. Fluid-Mosaic Model

(ref. 1)
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components and thereby influence cell behavior has been shown in
several systems (reviewed in 2,4,5). In order to account for such
observations, Edelman (ref. 5, fig. lb) and Nicolson (ref. 4, fig. lc)
have stressed the importance of intramembranous (and especially
transmembranous) forces in the modulation of lateral mobility. Unlike
the earlier fluid-mosaic model, in which the dominant factor affecting
protein mobility is assumed to be the fluidity of the lipids, the
later models consider protein-protein interactions both within the
lipid bilayer and at the inner surface of the membrane to be the
controlling features of many systems. Evidence for the importance
of such interactions has come mainly from studies of antibody-induced
patching and capping on lymphoid cells, cross-linking of surface
glycoproteins by lectins leading to inhibition of patching and capping
on lymphoid cells (anchorage modulation), and ligand-induced redistribution
and capping on fibroblast cells (reviewed in 4,5).
With specific reference to the erythrocyte membrane, Marchesi

(6)

has proposed a fixed protein matrix model as an alternative to the
fluid mosaic model

(fig. Id). In this formulation, protein-protein

interactions are clearly of primary importance. The major peripheral
protein, spectrin, is visualized as being along the inner membrane
surface in a shell or matrix of closely-packed units, which may interact
with integral, transmembrane proteins. This matrix could then support
the overlying lipid bilayer. Translational diffusion of membrane
elements is not precluded by such a model, though one would expect
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mobility to be much more restricted in a membrane organized on
a framework of fixed protein than in one governed by a fluid lipid
bilayer. For example, in order for an integral transmembrane protein
which is complexed to the fixed (inner surface) protein matrix to
undergo lateral diffusion, either the transmembrane protein peripheral protein complex would have to be dissociated, or the peripheral
protein matrix itself would have to be disrupted.
This thesis addresses the question of restrictions on the
lateral mobility of a well-characterized transmembrane protein,
band 3, in a well-characterized mammalian cell membrane, that of the
human erythrocyte. Although the erythrocyte does not possess the
microtubule and microfilament systems important in control of lateral
mobility in other mammalian cells, similar interactions between
transmembrane proteins and peripheral

(cytoskeletal) proteins might

be expected to apply. The advantage of studying the lateral mobility
of the major protein of the erythrocyte membrane is that, if mobility
is restricted by membrane-associated forces, it should eventually
be possible to dissect out those forces in detail since all the major
protein and lipid components of this membrane are known and fairly
well characterized. Furthermore, there already exists indirect
evidence for restricted lateral mobility of band 3 (ref. 7,8). In
this thesis, then, I present a systematic and direct study of the
restriction on lateral mobility of band 3 in the human erythrocyte
membrane. I demonstrate reversible conditions under which the restrictions
on mobility are progressively lifted, and propose a model involving
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at least two separate processes capable of restricting the lateral
mobility of band 3. It is hoped that this research will lead to
specific correlations between changes in lateral mobility of band 3
and both membrane structure and membrane function.
This paper begins with a critical summary of the published
literature on the erythrocyte membrane, with particular reference
to band 3 and evidence for its associations with other membrane
components. Various techniques for the measurement of lateral diffusion
on membranes are also described, concentrating on the technique of
fluorescence photobleaching recovery. Chapters 2-5 comprise the
experimental sections of this report. Finally, chapter 6 includes
a discussion of my data in the light of previous work in this field
as well as several models for the interactions of band 3 with the
erythrocyte membrane which could account for my observations.

CHAPTER 1. LITERATURE REVIEW

A. THE ERYTHROCYTE MEMBRANE

I. General Review of Structure
a. The Lipid Bilayer. The lipids of the erythrocyte membrane are
believed to be organized as a fluid bilayer extending completely
around the surface of the cell

(reviewed in 2,9). This picture is

drawn largely from extrapolations of lipid behavior in other membran
systems, both natural and artificial, as the erythrocyte membrane
has proved refractory to study by the usual techniques for
demonstrating the existence of a fluid bilayer (9). One piece of
circumstantial evidence, as well as an extremely interesting obser¬
vation in its own right, is the asymmetric distribution of the
various phospholipid classes in specific halves of the bilayer
(reviewed in 3,9). Through comparison of phospholipid degradation
due to the action of purified phospholipases on intact erythrocytes
versus that on permeable ghost membranes, it was shown that approx¬
imately 70% of the membrane phosphatidylcholine and 80-90% of the
total sphingomyelin (both choline-containing phospholipids) are
located in the outer half of the bilayer. Study of phospholipid
labeling on intact erythrocytes by permeable versus impermeable
amino group reagents further revealed that 80-90% of the membrane
phosphatidylethanolamine and all of the phosphatidyl serine (both
amino-containing phospholipids) are located in the inner half of
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the membrane. Although erythrocyte membranes have a high cholesterol
content (approximately equimolar with phospholipid), the distribution
of this neutral lipid between the two halves of the bilayer has
not been determined with any degree of certainty.

b. The Proteins. The literature concerning the polypeptides of the
erythrocyte membrane has been extensively reviewed in the past
decade (3,6,9-13). Denaturation and separation of the various
polypeptides from the membrane lipid and from each other can be
achieved by dissolution of erythrocyte membranes in sodium dodecyl
sulfate (SDS). Polyacrylamide gel electrophoresis of SDS-treated
membranes reveals eight major protein bands when stained with
Coomassie blue and four additional glycoprotein bands when stained
with PAS-Schiff reagent (14); these bands are named according to
their relative mobilities on the gel

(fig. 2; table 1). Singer

and Nicolson (1) have categorized the polypeptides according to
the ease with which they can be extracted from the membrane. Those
proteins extractable by simple manipulation of the ionic strength
or pH of the medium (bands 1,2,4,5,6) are considered peripheral
or extrinsic to the membrane, and are presumably membrane-bound
through electrostatic interactions alone. Those polypeptides
extractable only with detergents or other chaotropic agents (bands
3,7,PAS-1,2,3,4) are considered integral or intrinsic membrane
proteins; they are presumably anchored in the membrane through
hydrophobic interactions with membrane lipid.

EXTRINSIC

INTEGRAL

MAJOR

MAJOR

MINOR

MINOR
(SPECTRIN)

4.1

ATPase
(ANION CHANNEL) AChe
(GLYCOPHORIN A)

4.2
(uncharacterized
glycopeptides)
("ACTIN")
(G3PD)

5
6

Figure 2. SDS-polyacrylamide gel electrophorogram
of erythrocyte membrane proteins stained
with Coomassie blue. See text for details,
(taken from ref. 9)
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TABLE 1. THE MAJOR ERYTHROCYTE MEMBRANE PROTEINS
AND GLYCOPROTEINS9

Component

molecular wt.
(dal tons)

% of total
protein

copies/cel 1

1

240,000

15

216,000

2

215,000

15

235,000

2.1b

200,000

6

100,000

3

88,000

24

940,000

4.1

78,000

4.2

180,000

4.2

72,000

5.0

238,000

5

43,000

4.5

359,000

6

35,000

5.5

540,000

7

29,000

3.4

403,000

6.7 (2.8)d

500,000

PAS-1c
PAS-2

% carbohydrate

60

62,000
31,000

4-9

a All values from ref, 13 unless otherwise indicated.
b Values from ref. 15.
c Values from refs. 13, 209.
b 6.7% by total weight: 2.8% by weight of protein portion.

60
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More recently, Marchesi

(6) has classified the various membrane

proteins according to function. Those polypeptides exposed to the
extracellular environment are termed contact or receptor proteins;
they include glycophorins A and B and band 3 as well as several minor,
poorly characterized components. All of these proteins are glyco¬
proteins oriented such that their carbohydrate is accessible at the
outer membrane surface. It is interesting that the major contact
proteins are also exposed to the intracellular surface (3,9); as
we shall see, this may be important in their mode of attachment to
various membrane elements. Transmembrane proteins involved in the
transport of ions or metabolites, as well as various glycolytic enzymes
which are located on the inner membrane surface, are grouped together
as catalytic proteins. Bands 3 (anion permeation site) and 4.5
(glucose permeation site) are examples of transport proteins; band 6
(glyceraldehyde-3-phosphate dehydrogenase) and aldolase are two
membrane-bound enzymes involved in glycolysis. The third major class
of polypeptides consists of peripheral membrane proteins which are
found exclusively at the inner membrane surface and are involved in
stabilizing the membrane structure. These proteins are named support
proteins, and include spectrin (bands 1,2), ankyrin (band 2.1), actin
(band 5), and bands 4.1 and 4.2 (refs. 9,15,16). The remainder of
this review of the erythrocyte membrane will focus on band 3 and its
possible interactions with other membrane proteins, including glycophorin and the various cytoskeletal or support proteins.
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2. Band 3_
a. Physical and Chemical Properties. Band 3 is defined as a heavily
stained, diffuse band of protein of about 90,000 daltons on SDSpolyacrylamide gel electrophoresis of human erythrocyte membranes
(14; reviewed in 1,9-13,17,18). It is the major protein component
of the erythrocyte membrane, comprising approximately 25% of the
total membrane protein and approximately 80% of the intrinsic membrane
protein (13,14,19). An approximate calculation (13,14) estimates
the number of band 3 monomers per cell at about 1 x 10^. The
apparent molecular weight of band 3 covers the range 85,000 110,000 daltons; this band spread is usually attributed to extreme
heterogeneity of carbohydrate (13,20,21), although polypeptide hetero¬
geneity cannot be absolutely ruled out without primary sequence
data. Heterogeneity of carbohydrate has also been demonstrated by
the binding of lectins to band 3, in that concanavalin A binds fairly
specifically to band 3 (ref. 22) but only a fraction of band 3
interacts (23,24).
Band 3 has been isolated and purified in a number of laboratories
(22,24-27). Its carbohydrate content is estimated at 4-9% (refs. 13,
22,25,28), with mannose, galactose, and N-acetylglucosamine present
in approximately 1:2:2 molar ratio, but with little sialic acid (21,22).
This composition suggests the presence on band 3 of complex-type
oligosaccharides attached to asparagine residues by N-glycosidic bonds (9).
Indeed, it has recently been shown (21) that there is a single .primary
site of glycosylation in the COOH-terminal part of the molecule, in

a region with composition Asx^Ser^. The amino acid composition of
band 3 is marked by its high proportion (about 40%) of nonpolar
residues (10,22,26,28). This observation is consistent with the
solubility characteristics of band 3. It is a highly hydrophobic
protein that is soluble only in ionic or nonionic detergents (12-14,
25,29). Solubilization by .Triton X-100 is accompanied by the binding
of 0.77 grams of detergent per gram of protein (30).
Several functions have been ascribed to polypeptides in the
band 3 region. These include anion transport (28,31-38), NaK ATPase
activity (39,40), water permeation (41), and acetylcholinesterase
activity (42), and each is presumably mediated by a different protein.
It is likely that some of these functions involve very small amounts
of protein relative to the total amount in band 3. For example, the
total content of NaK ATPase per cell is estimated at three hundred
copies (43). It is also possible that some of these functions may
not be present in band 3 at all, residing instead in minor proteins
which do not comigrate with band 3 on polyacrylamide gel electrophores
but which are contaminated with band 3 protein in various other
purification procedures. It is pertinent in this regard that recent
reconstitution experiments have demonstrated that glucose transport
across the membrane, originally thought to be mediated by band 3
(refs. 44-47), is in actuality performed by band 4.5 protein (48,49).
Chemical heterogeneity of protein in the band 3 region has been
shown in several ways. Treatment of intact erythrocytes with pronase
results in cleavage of most of the protein in the band 3 region,
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but at least three pronase-resistant polypeptides always remain
at the location of native band 3 in SDS-polyacrylamide gels (18).
Two-dimensional electrophoresis (50,51) and isoelectric focusing (18)
separate band 3 into one major and four or five minor components.
It is likely, however, that an overwhelming proportion of band 3
polypeptide is homogeneous, since well over 90% of the protein behaves
uniformly in various labeling and cleavage studies (52), and peptide
maps of protein taken from all parts of the band 3 region on SDS gels
appear identical

(53). In addition, only a single COOH-terminal

amino acid is found (52), as well as a uniformly blocked NH^-terminus
(22,25,26,28,54).

b. Conformation in the Membrane. The disposition of band 3 in the
membrane has been extensively studied and recently reviewed (17,18).
Portions of band 3 are exposed to both the extracel1ular and intra¬
cellular surfaces of the membrane, proving its transmembrane orientation.
This conclusion is based on a series of experiments using membraneimpermeable reagents to label either the extracel1ular surface of
intact erythrocytes, the intracellular surface of either resealed
ghost membranes or inside-out vesicles (55), or both surfaces of leaky
ghost membranes. These probes include: 1) chemical agents such as
FMMP1

(3,56,57), TNBS (58), IBSA (28), DIDS (31-33,38), NAP-taurine (59),

1 Abbreviations used in this section include: formylmethionylmethyl phosphate, FMMP; 2,4,6-trinitrobenzenesulfonic acid, TNBS; 1-isot hiocyano-4-benzenesulfonic acid, IBSA; 4,4'-diisothiocyano-2,2'stilbenedisulfonic acid, DIDS; N-(4-azido-2-nitrophenyl)-2-aminoethyl sulfonic acid, NAP-taurine.
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and others (19,60-63); 2) proteolytic enzymes (11,13,33,37,55-57,64-68);
and 3) iodination catalyzed by the enzyme 1actoperoxidase (69-75).
For example, one study demonstrated that the same band 3 fragment
produced by proteolytic cleavage from the outside was iodinated from
the inside (70), while another study showed that band 3 fragments
labeled from the inside were different from those labeled from the
outside (71). The latter experiment, as well as many others cited
above, further implies that the arrangement of band 3 in the membrane
is both asymmetric with respect to the two membrane surfaces and
permanent on the time scale of the labeling. It has been demonstrated
recently that the linear band 3 sequence must cross the membrane at
least twice, as the membrane-impermeable (76) sulfhydral reagent
N-ethylmaleimide is found to label intracellular cysteine residues
on both sides of an extracellular proteolytic cleavage point (77).
Studies completed over the past three years have greatly
advanced our knowledge of the detailed folding of band 3 in the
membrane. Chymotrypsin treatment of intact cells generates a pair
of membrane-bound fragments of approximate molecular weights 55,000
and 35,000 from band 3, while extracel 1 ular trypsin has no effect
on band 3 at physiological ionic strength (52,65,67,78). At low ionic
strength, however, cleavage by trypsin from the outside can occur (78),
implying changes in band 3 conformation with ionic strength. The
blocked NH^-terminus of the protein is located in the 55,000 dal ton
fragment, while the COOH-terminus is associated with the 35,000
dal ton piece (21 ,52,78). Intracel1ul ar trypsin treatment produces
a membrane-bound fragment reported as around 50,000 dal tons and
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staining with a diffuse pattern on SDS gels (37,54,65,67,78); this
fragment contains the COOH-terminus. In addition, water-soluble
fragments of approximate molecular weights 40,000, 18,000, and 22,000
are produced by intracellular trypsin treatment, where the latter
two peptides are fragments generated from the former by proteolysis
at a second cleavage site (67,79,80). Fukuda et al.

(81) used

S-cyanylation of the 55,000 dal ton chymotryptic fragment of band 3
combined with lactoperoxidase-catalyzed iodination and antibodies
directed against the cytoplasmic region of band 3 to show that the
40,000 dal ton tryptic fragment bearing the Nk^-terminus is in an
intracellular location. Finally, when cells are treated with
chymotrypsin on the outer surface followed by trypsin on the inner
surface, an approximately 17,000 dal ton membrane-bound segment is
obtained (67,82); this peptide is labeled by various anion transport
inhibitors (52,67,82,83). These and other features of band 3
structure have been incorporated into a linear map of various
cleavage sites, together with the minimum model for folding of band 3
in the membrane consistent with experimental evidence (fig. 3a,b).
Several lines of experimentation suggest that band 3 exists
as a dimer in the membrane. Solubilization of erythrocyte membranes
in Triton X-100 results in 180,000 dalton protein which can be
quantitatively converted to 90,000 dalton band 3 monomer in denaturing
detergents (30,84). Treatment of intact erythrocytes with noncleavable
disulfide cross-linking reagent (85,86), cleavable bifunctional crosslinking reagent (86,87), or cleavable bifunctional photoactivatable
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cross-linking reagent (88) all lead to production of dimer as the
major (85-87) or only (88) cross-linked band 3 species. Most
recently, native and cross-linked band 3 in the intact ghost membrane
have been reported to have identical rotational correlation times,
implying similar cross-sectional areas in the plane of the membrane
before and after cross-linking and hence similar states of aggregation
in the membrane (89). The site of cross-linking between band 3
monomers appears to reside in the NH^-terminal, intracellular portion
of the molecule (67), specifically in the cysteine-rich 16-20,000
dal ton fragment produced by intracel1ular trypsin cleavage at both
of its major sites of proteolysis (79,90) (see fig. 3a).
Freeze-fracture electron microscopy (91-93) of erythrocyte
membranes reveals the presence of 80-85A intramembranous particles
(IMP) in the cleavage plane, which are presumed to be protein embedded
in the center of the lipid bilayer (94). Early studies of the particles,
including experiments correlating the distribution of ferritinconjugated lectins with the distribution of the particles, suggested
their connection with glycophorin (92,94-97). Arguments were soon
advanced against glycophorin being the sole constituent of the
particles, however, because of its small hydrophobic (intramembrane)
portion relative to the large mass of the intramembranous particle
(3,10,13). More recent evidence, including correlation between the
distribution of ferritin-conjugated DIDS and the particles, has
implicated band 3 protein as the major component of the particles
in the intact membrane (22,36,98). Eighty Angstrom particles have

been seen both in Triton-extracted vesicles containing predominantly
(90%) band 3 along with erythrocyte membrane lipids (99) and in
membranes reconstituted from purified band 3 and egg phosphatidyl¬
choline (100), as well as in membranes prepared from En(a-) erythrocyt
which lack glycophorin A (101). The total number of particles in the
intact cell is about 5 x 10

(ref. 97), which is the same as the

number of band 3 dimers (13). As the number of glycophorin monomers
5
is also about 5x10, some have suggested that the contents of one
intramembranous particle might be one band 3 dimer combined with one
glycophorin monomer (4,98). It has yet to be demonstrated, however,
that there is one particle which contains both molecules. Whereas
band 3 alone appears to yield particles of similar size in recon¬
stituted membranes to those in intact cells (100), reconstituted
glycophorin particles are smaller and more aggregated than those in
intact cells (102). This suggests that glycophorin does not form
particles of its own in intact cells, while band 3 may. Rather, glyco¬
phorin may either be included in band 3 particles as postulated above
or exist free of band 3 in the membrane, becoming artificially
included between the particles when they are aggregated (see below).

c. Associations with Other Membrane Proteins. As noted in the
previous section, association between glycophorin monomer and band 3
dimer in the intramembranous particles has been postulated. The
observations that trypsin degradation of glycophorin in intact cells
exposes additional sites on band 3 for interaction with DIDS (33)
and lactoperoxidase (103) further imply that at least part of band 3
may be shielded from the outside by glycophorin. On the other hand.
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extraction of erythrocyte membranes by Triton X-100 readily separates
glycophorin from band 3 (refs. 26,84), and cross-linking between
glycophorin and band 3 has never been demonstrated chemically (104).
The latter piece of negative evidence must be tempered, however, by
the knowledge that glycophorin itself is very resistant to the
action of cross-linking reagents, perhaps because of its extensive
glycosylation. Unlike glycophorin, bands 4.2 and 6 remain associated
with band 3 after extraction with nonionic detergent. Dissociating
agents such a jD-chloromercuribenzoate must be introduced in order
to separate band 4.2 from band 3 (refs. 26,84), while high ionic
strength is sufficient to dissociate the band 3 - band 6 complex
(26,84). The stoichiometry of band 6 binding is one-to-one with
band 3, and the site is located in the cytoplasmic NF^-terminal
portion of band 3 which is susceptible to trypsin cleavage (84,105).
Specific binding of the enzyme aldolase to the cytoplasmic domain
of band 3 has also been demonstrated, in the ratio of one aldolase
tetramer per band 3 monomer (106,107). Associations such as these
have led some to suggest that the cytoplasmic region of band 3 may
be the site of organization of a number of glycolytic enzymes into
functional enzyme complexes (108).
Evidence implicating band 3 in direct interactions with various
cytoskeletal elements has been accumulating. These data will be
presented in a separate section of this literature review, after
the organization of the cytoskeleton has been discussed.

d. Functions. Proteins in the band 3 region have been implicated

.
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in anion transport, NaK transport, water permeation, and acetyl¬
cholinesterase activity (see above). The amount of protein involved
in the latter three activities is likely to be very small compared
to the quantity concerned with anion transport (18). This summary,
therefore, will focus on evidence identifying band 3 as the
anion transport protein, in the expectation that the various structural
properties attributed to the bulk of band 3 will also apply to this
functional system.
The importance of anion transport in erythrocytes has long
been recognized. Rapid exchange of chloride for bicarbonate across
the erythrocyte membrane greatly increases the CO^ carrying capacity
of the blood (43,109). The evidence that band 3 is involved in anion
permeation is of three kinds: 1) covalent labeling of band 3 by
irreversible inhibitors of anion transport; 2) retention of the
anion transport system in erythrocyte membrane-derived vesicles
containing band 3 as their major component; and 3) reconstitution
of anion transport activity in phospholipid vesicles using partially
purified band 3 preparations (17,36).
The most potent and site-specific covalent binding inhibitors
of anion transport are the isothiocyano derivatives of stilbenedisulfonic acid such as [^H]-DIDS, [^Hj-H^-DIDS, and [^Ij-I^-DIDS.
These compounds irreversibly inhibit anion exchange upon binding,
complete inhibition corresponding to 0.9-1.1 x 10
per cell

molecules bound

(31-33,38,110,111). This is also the number of band 3 monomers

per cell, providing circumstantial evidence at least for the role
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of band 3 in anion permeation. There is further a linear relationship
between the inhibition of transport activity and the binding of
inhibitor. At maximal inhibitory concentrations, more than 90% of
the label is found in the band 3 region on SDS-polyacrylamide gels.
The remaining 7-10% is associated mainly with glycophorin. Since
anion exchange across the membrane is so rapid, it is argued that
the major protein labeled by covalent anion transport inhibitors
must, in fact, be the protein involved in anion permeation. Unreasonably
high turnover numbers would have to be invoked for the exchange
process if a minor labeled component, rather than band 3, were
responsible for this activity (32,33).
Eosin derivatives (isothiocyanate, iodoacetamide, maleimide)
inhibit anion exchange by 50% when approximately 5 x 10
are bound per cell

5

molecules

(112). These compounds are irreversibly bound

and occupy common binding sites with h^-DIDS, although other
sites on band 3 are labeled as well

(112). It is curious that a

maleimide derivative, which should react specifically with -SH
groups, is reported to be an irreversible ligand for band 3, which
has no external -SH groups (77). This question is not addressed by
the authors.
There exist substrates of the anion transport system which
are also capable of covalent reactions. Thus reduction of pyridoxal-5phosphate with NaBH^ (ref. 63) or photoactivation of NAP-taurine (113)
leads to inactivation of anion exchange and preferential

(DIDS-

inhibitable) labeling of band 3. When inhibitor-treated (DIDS,
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pyridoxal phosphate, or NAP-taurine) intact cells are reacted
with proteolytic enzymes under conditions which do not affect
anion transport in native erythrocytes (33), nearly all of the
nonspecific membrane label, as well as the glycophorin-associated
label, is removed from the membrane without affecting band 3-associated
label

(33,63,113). Taken together, covalent labeling studies provide

very strong evidence that inhibition of anion transport is
associated with modification of band 3.
Anion permeability is retained in erythrocyte membranes from
which almost all the major proteins have been removed except band 3.
Changes in ionic strength and pH can be used to remove extrinsic
membrane proteins and low concentrations of Triton X-100 to extract
the sialoglycoproteins. The remaining vesicles contain essentially
all the original lipid of the erythrocyte plus band 3. They retain
nearly all the permeability parameters of the anion transport
system, although some kinetic features cannot be entirely reproduced
(99). DIDS-inhibitable anion fluxes can be reconstituted into
artificial lipid vesicles using crude Triton X-100 extracts of
erythrocyte ghosts (containing band 3 and glycophorin) (34).
Purified band 3 protein reconstituted in vesicles containing
lecithin, erythrocyte lipids, and exogenous glycophorin mediates
anion exchange which is 60% inhibited by pyridoxal phosphate - NaBH^
(27), although it is not at all certain whether this preparation
could transport ions in the absence of glycophorin. Reconstitution
studies are clearly the only direct and definitive method for

24

proving the relationship between band 3 and anion transport in the
erythrocyte membrane, and the reconstitution results to date must
be considered highly preliminary. Nonetheless, an overwhelming body
of indirect data implicates better than 90% of band 3 protein in
the activity of anion transport.

3. Cytoskeleton
a. Definition and Components. The erythrocyte membrane cytoskeleton
can be operationally defined as the insoluble material remaining
after extraction of intact erythrocytes or ghosts with the nonionic
detergent Triton X-100 (29,114; see 6,115,116 for review). This
material contains approximately 60% of the original membrane protein,
including all of the spectrin (bands 1 and 2), actin (band 5), ankyrin
(bands 2.1,2.2,2.3,2.6) and band 4.1 as well as portions of bands 3,
4.2,4.9, and 7 (refs. 29,114,117; fig. 4a). The core of the cyto¬
skeleton apparently comprises bands 1, 2, 5, 4.1, and 4.9, since the
shape and structure of the skeleton are retained when the other
elements are eluted with hypertonic KC1

(118) but destroyed if either

spectrin or actin is removed (119). Spectrin can be localized to
the inner membrane surface through the use of ferritin-conjugated
antibodies (120); this is the orientation of the cytoskeleton as well.
Electron micrographs of the cytoskeleton reveal a continuous web¬
like reticulum consisting of twisted, randomly orientated micro¬
filaments (5-40 nm diameter) irregularly coated with nodular protrusions
(30-100 nm diameter)

(121). The network appears to cover approximately
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Figure 4. Structure of the Erythrocyte Cytoskeleton
a. Schematized SDS-polyacrylamide gel electrophorogram
of erythrocyte ghost proteins and cytoskeletal
proteins, as revealed on staining with Coomassie blue.
b. Postulated organization of the cytoskeleton
(not to scale).
(taken from ref. 116)

30-35% of the inner membrane surface (115). This assembly provides
support and stability to the erythrocyte membrane, endowing the
erythrocyte with both its characteristic shape and its unusual
flexibility.

b. Spectrin: Structure in Solution. The major protein of the cytoskeleton, spectrin, is composed of two high molecular weight poly¬
peptides, bands 1 and 2 (molecular weight 240,000 and 220,000 daltons,
respectively) (see 6,1 1 5,1 16,1 22,1 23 for review). These subunits are
similar in structure but not identical

(6,124). They associate in

solution to form heterodimers (1+2) and heterotetramers (1+2)^,
but only traces of higher aggregates (125-129). Spectrin dimers and
tetramers are linked in a simple equilibrium which is readily reversibl
at 29°C but kinetically trapped at 4°C. The tetramer seems to be the
physiological species on the intact membrane (88,130), although
appreciable amounts of dimer are also found in low ionic strength
medium (130). When examined by electron microscopy after low-angle
shadowing, purified spectrin heterodimers appear as long (90-105 nm),
slender (5 nm), flexible molecules in which two distinct strands
lie partially separated or variably coiled in a loose double helix
(131). Associations between the strands appear to be weak except at
the ends of the molecule, where sites of tight binding exist. The
electron microscopic finding that spectrin dimers exist as long,
thin rods in solution is consistent with the results of some (125),
but not all

(127,129), hydrodynamic studies.
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Spectrin dimers join end-to-end to form tetramers of length
180-210 nm, but higher aggregates are not seen. The latter obser¬
vation indicates a head-to-head binding of the dimers, since headto-tail binding would be expected to produce higher order oligomers
as wel 1

(131).

c. Spectrin: Polymerization with Actin and Band 4.1. The inability
of purified spectrin to polymerize beyond the tetramer in solution
suggests that at least one other membrane element may be necessary
in order to form the anastomosing cytoskeletal reticulum. Stripping
of ghost membranes down to spectrin, actin, and bands 4.1 and 4.9
alone with hypertonic KC1 leaves an intact cytoskeletal network (118),
implicating at least one of the latter three proteins in the
role of cross-linking spectrin. A mixture containing purified spectrin
tetramer, filamentous (polymerized) actin (F-actin), and band 4.1
at physiological ionic strength forms a high molecular weight complex
consisting of all three elements (132). Electron microscopy of the
ternary complex shows actin filaments linked by spectrin bridges,
suggesting that the actin-binding regions of the tetramer are at
the tail ends of the molecule. Spectrin dimer is univalent in that
it binds to but does not crosslink the actin filaments. Globular
(unpolymerized) actin (G-actin) also fails to form extended complexes,
as do mixtures of any two of the three purified proteins (132).
Other findings consistent with these observations are the following:
1) "purified" spectrin tetramer (contamination with band 4.1 was not
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rigorously excluded) is found to cross-link F-actin (but not G-actin)
into a highly viscous gel, while spectrin dimer binds to but does
not cross-link F-actin (133); 2) oligomeric complexes of spectrin,
actin, and band 4.1 cause exogenous actin to gel whereas purified
spectrin dimers or tetramers lack this ability (134); and 3) at low
but not at physiological ionic strength, binary complexes between
spectrin and band 4.1, as well as between spectrin and actin, can
form (cited in 116). Electron microscopy of spectrin-band 4.1 complexes
indicates that the binding site for band 4.1

(a 60A sphere) is at

the same end of the spectrin molecule as the actin site (135).
Taken together, these studies provide strong evidence for a
basic cytoskeletal network composed mainly of long, flexible,
bivalent spectrin tetramers cross-linked at each end by actin and
band 4.1

(ref. 116; see fig. 4b). The actin is probably present in

the form of short oligomers, since the ratio of spectrin monomer to
actin monomer in the membrane is roughly one to one (132,136). Some
nonpolymerized or G-actin may also be present (137), as well as some
spectrin tetramers which are unassociated with either actin or
band 4.1

(ref. 115).

d. Spectrin: Binding to the Membrane. Several modes of interaction
between the spectrin-actin-band 4.1 complex and the overlying lipid
bilayer have been demonstrated. Purified spectrin binds specifically
to a population (about 100,000 per cell) of high-affinity (K^-10~^M)
sites on the inner surface of ghost membranes (138). The binding is
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ionic strength-dependent, saturable, and reversible under conditions
which favor extraction of spectrin from red cell membranes. Band 2
appears to contain the site on spectrin which is involved in binding,
since isolated band 2 both binds to the inner surface of erythrocyte
membranes and inhibits the binding of native spectrin, while isolated
band 1 is inactive in both respects (6).

Chymotryptic digestion of

spectrin-depleted, inside-out membrane vesicles releases a 72,000
dal ton polypeptide which retains spectrin-binding activity in solution
and competitively inhibits (Kj - 10'^M) the binding of spectrin to
vesicles which have not been treated with chymotrypsin (139). Antibody
to purified 72,000 dal ton proteolytic fragment cross-reacts only with
band 2.1 among the membrane proteins; this reaction is blocked in
the presence of the 72,000 dalton fragment (15). The extrinsic membrane
protein band 2.1 is thus identified as the primary attachment site
for spectrin in the membrane, and is named ankyrin (15). Electron
microscopy shows the ankyrin binding site on spectrin to be 200A
distal to the end of spectrin involved in the dimer-tetramer inter¬
action (135). The stoichiometry of binding is not clear, although
ratios of spectrin to ankyrin (2 moles spectrin dimer per mole ankyrin)
and spectrin to high-affinity binding sites (2 moles spectrin dimer
per mole of binding sites) on the intact membrane might imply that
each spectrin heterotetramer is bound to a single high-affinity
membrane attachment site containing band 2.1

(refs. 15,140; but see

below). Peptide maps of bands 2.1, 2.2, 2.3, and 2.6 are all homologous
with the 72,000 dalton fragment (140,141), suggesting either that

a family of closely related spectrin-binding proteins exists on the
membrane, or that the lower molecular weight bands are artifactual
proteolysis products of the parent band 2.1.
In addition to the 72,000 dal ton water-soluble fragment which
interacts with spectrin, ankyrin contains a 100,000 dalton domain
which does not bind spectrin (15). The larger domain is membrane-bound
but not transmembrane, since it cannot be labeled from the extracellula
surface of the membrane in intact cells (13) and since it can be eluted
from the membrane in dilute acid without detergent (15). Interactions
between band 3 and ankyrin, probably involving this 100,000 dalton
domain, are discussed below.
It is important to note that the binding studies summarized
above are performed under conditions such that associations between
spectrin and the membrane with Kp > 10

- f\

M would not be detectable (15).

Spectrin may therefore interact in a meaningful way, although with
lower affinity, with proteins other than ankyrin or with membrane
lipids. Evidence for spectrin-lipid interactions includes the following
1) spectrin extracts stabilize artificial phospholipid vesicles and
prevent calcium-induced vesicle fusion (142); 2) spectrin stabilizes
membrane phospholipid asymmetry in that oxidative cross-linking of
spectrin allows 30-50% of the inner membrane phospholipids (phosphatidylserine and phosphatidylethanol amine) to become accessible at
the outer membrane surface (143); and 3) spectrin is easily crosslinked
to inner membrane phospholipids in the intact red cell

(144). In

addition to spectrin, actin may play a role in attaching the cytoskeleton to the membrane, since F-actin but not G-actin can bind
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directly to a trypsin-sensitive site on spectrin-depleted inside-out
vesicles (145).
One model for the organization of the principal proteins of the
cytoskeleton which is consistent with the data available is given
by Lux (ref. 116; see fig. 4b).

4. Band _3 ^ Cytoskel eton Interactions
a. Band 3 - Ankyrin. Triton X-100 extracts of spectrin-depleted
erythrocyte membranes contain ankyrin tightly linked to band 3 in
one-to-one molar ratio (146). This complex, which may also include
some band 4.2, involves 10-15% of the total band 3 in the membrane.
The ankyrin - band 3 bond is so strong that nondenaturing conditions
under which the two proteins are separated have not been found.
The ankyrin-linked band 3 has a transmembrane orientation and
appears to be nearly identical to the remaining band 3 by peptide
mapping and immunologic cross-reactivity. Solubilized ankyrin-linked
band 3 binds purified spectrin, while free band 3 does not. Finally,
detergent-extracted cytoskeleton preparations are always found to
contain a certain amount of firmly bound band 3. Taken together, these
data implicate 10-15% of the total band 3 as the ultimate membrane
attachment site for spectrin, ankyrin serving as a link between
band 3 and spectrin (146).
The stoichiometry of this linkage is as yet unresolved. If
ankyrin-linked band 3 has the same tendency as the major portion of
band 3 to dimerize in situ (26,85,89,100), then one would expect
the ankyrin-linked band 3 oligomer to be arranged with two moles each
of band 3 and ankyrin. Such a stoichiometry is supported by the
finding that band 2.1, like band 3, is cross-linked in dimeric form (85).
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On the other hand, ratios of total spectrin to total ankyrin in the
membrane suggest the binding of one spectrin tetramer by one band 2.1
monomer, if all the spectrin is linked to ankyrin. Since cross-linking
and solubilization studies have consistently failed to demonstrate
the presence of spectrin hexamer or octomer on the membrane, it seems
unlikely that two spectrin tetramers would be organized in close
proximity by (band 3-ankyrin)9 oligomers. Assuming that the spectrin
tetramer is symmetric (131), with one ankyrin binding site per
dimer (135), such an arrangement would also leave one end of each
spectrin tetramer unattached to ankyrin. One possible resolution to
this dilemma stems from the observation that, at physiological
ionic strength, approximately 45% of the total spectrin is present
as dimers and tetramers which are unassociated with actin or band 4.1
in both ghost extracts (147) and membrane cytoskeletons prepared
directly from intact erythrocytes (114,148). If, at any one time,
approximately 50% of the spectrin in the intact membrane is also
unassociated with ankyrin (perhaps bound to the membrane through
interactions with lipid), complexes involving one spectrin tetramer
and one ankyrin-1inked band 3 dimer would be consistent with all
the available data (see fig. 4b).

b. Band 3 - Spectrin. Information regarding direct band 3 - spectrin
interactions on the intact erythrocyte membrane has been gathered
using four general techniques: copurification of detergent-extracted
band 3 with other membrane components; inhibition of spectrin binding
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to spectrin-depleted inside-out vesicles; perturbation of membrane
composition leading to aggregation of intramembranous particles on
freeze-fracture electron microscopy; and cross-linking of membrane
components in situ under various conditions. No direct associations
between band 3 and spectrin or actin are observed in Triton X-100
extracts of ghost membranes, as judged by the ready separation of
these proteins on ion exchange chromatography and rate zonal sedimen¬
tation (26,84). If such associations are especially sensitive to
dissolution by nonionic detergents, however, they would not be seen
in this system. Close proximity between the cytoplasmic segment
of band 3 and the membrane binding site(s) for spectrin is demonstrated
by experiments showing that antibodies directed against the cytoplasmic
segment of band 3 inhibit the binding of spectrin to inside-out
vesicles (6).
Evidence has been presented linking band 3 to the intramembranous
particles seen on freeze-fracture electron microscopy. In the native
erythrocyte membrane, these particles assume a random, dispersed
distribution which cannot be perturbed by agents such as multivalent
ligands, proteolytic enzymes, or low pH treatments (149,150). When
the inner membrane surface is made accessible by hypotonic lysis
of erythrocytes, however, low pH (<5.8) (refs. 149-151) or trypsin
treatment (96,151,152) causes the particles to become clustered.
Incubation of ghost membranes with bivalent but not monovalent
antispectrin antibody at the inner membrane surface also causes aggregation
of colloidal iron hydroxide-labeled sites (glycophorin) at the outer
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surface (153). All conditions which favor precipitation of solubilized
spectrin-actin extracts (low pH, Ca

, Mg

, polylysine, basic proteins)

also induce intramembranous particle aggregation in partially spectrindepleted ghost membranes (150,154). The same spectrin-aggregating
conditions also cause release from fresh ghosts of small lipid vesicles
which are free of both spectrin and integral membrane proteins (154).
Low pH-induced clustering of particles reconstituted in egg phospha¬
tidylcholine vesicles is dependent on prior binding of solubilized
spectrin-actin extracts (100). Spectrin (visualized by ferritinconjugated anti spectrin) is clustered on the inner membrane surface
in patches directly underlying intramembranous particle aggregates (155).
Branton and coworkers have synthesized these data into a model in
which spectrin and intramembranous particles are involved in strong,
specific interactions. The particles are thought to be immobilized
by spectrin in the intact membrane. They are therefore incapable of
aggregation, a process which must involve lateral movement in the
membrane. The particles are mobilized only on partial depletion of
spectrin from the membrane, although the presence of some residual
spectrin seems to be necessary for particle aggregation. It is the
precipitation of this residual spectrin into small patches on the
inner membrane surface which is thought to cause the clustering of
the particles (100,1 50,154,155).
Chemical evidence of in situ interactions between band 3 and
spectrin is seen in the results of various cross-linking studies
(see 104 for review). Bands 1 and 2 are more readily cross-linked
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by dimethylmalonimidate in ghosts which have been pretreated with
multivalent Ricinus communis lectin (156), which binds fairly
specifically to band 3 on the outer surface of ghost membranes (23).
Cross-linking of ghost membrane proteins induced by cleavable
bifunctional reagents results in very high molecular weight (>3.5 x 10^
dalton) complexes which contain spectrin, actin, ankyrin, and band 3
as well as bands 4.2 and 6 (refs. 86-88,157). Unfortunately it is
not possible to determine which of these proteins is cross-linked
directly to spectrin. Disulfide-linked complexes involving bands 1+3,
bands 2+3, and bands 5+3, as well as heterogeneous aggregates containing
bands 1+2+3+4.2+5, are created spontaneously in ghost membranes
exposed at low ionic strength to acid pH (pH 4.0-5.5, temperature 0-4°C)
or elevated temperature (37°C) (ref. 158). Aggregation at all temper¬
atures is maximal near the isoelectric point of spectrin (159),
which is also the precipitation point of spectrin (100,126,1 50).
Furthermore, a complex of bands 1+3 (yield unspecified) results
from catalytic oxidation of ghost membranes at pH 7.4 and physiological
ionic strength (but not at low ionic strength) (123). These observations
suggest to the authors that decreased electrostatic repulsion between
adjacent proteins on the membrane may be responsible for changes in
cross-linking with pH and ionic strength (123,1 58). An alternative
explanation could involve more specific rearrangements of cytoskeleton
structure with pH and ionic strength, such as conformational changes
or polymerization of various membrane components.
The data presented in this section support the contention that
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band 3 interacts rather intimately with spectrin in the erythrocyte
membrane. Whether this interaction involves actual binding of band 3
by spectrin or simply entrapment of band 3 in the underlying cytoskeletal network is an unresolved question. High-affinity binding
(Kg < 10“7M) has been ruled out by several experiments (1 5,1 38,1 39)
but lower affinity binding is still a possibility, since the concen_5

tration of spectrin inside red cells may be as high as 10

M (ref. 15).

More long-range, but nonetheless specific, connections involving
other membrane proteins (actin, band 4.1, band 4.2) or even membrane
lipids are also conceivable.

B. MEASUREMENTS 0£ LATERAL DIFFUSION

1. Protein Piffusion
Several methods have been devised for the measurement of protein
diffusion in the plane of the membrane (reviewed in 2,160). All of
the techniques involve labeling of proteins in some way so that their
distribution in the membrane may be visualized. Changes in distribution
with time imply lateral movement; under appropriate conditions this
motion can be shown to be due to diffusion and can be quantified to
permit calculation of diffusion coefficients. The overall scheme of
these experiments consists of setting up, by some means, a non-uniform
distribution of proteins (usually fl uorescently labeled) in the membrane.
The relaxation of this distribution to its equilibrium state is then
observed with the aid of a (fluorescence) microscope. The most widely
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used methods are cell fusion and, more recently, photobleaching
recovery. These have both been applied to lateral diffusion in the
erythrocyte membrane, and will be discussed in detail. Two other
methods involve observation of the spreading of a patch of fluorescentlylabeled anti-membrane protein antibody after application onto a
membrane surface (161), and study of the kinetics of return to
uniform distribution of fluorescently-1 abel ed membrane receptors
which have been electrophoretically aggregated at one end of a cell

(162).

a. Cell Fusion. Frye and Edidin (163) provided the first evidence
that rapid lateral diffusion of membrane proteins may occur. They
used inactive Sendai virus to fuse human and mouse cells, and
observed the intermixing of the human and mouse surface antigens with
time by adding human- and mouse-specific antibodies labeled with
different colored fluorescent dyes. Total mixing was seen in 90%
of the heterokaryons after a forty minute incubation at 37°C (ref. 163).
A coefficient of lateral diffusion (D) of approximately 2 x 10”^
cm /sec can be estimated from the intermixing rate (160,164). The
intermixing process was insensitive to metabolic inhibitors but
sensitive to changes in temperatmre. Further study showed a decrease
in the diffusion coefficient with temperature in the range 37°C to
21°C and 15°C to 4°C, but a paradoxical increase with decreasing
temperature from 21°C to 15°C (ref. 165). This behavior may be a
consequence of lateral phase separations in the membrane lipid (166).
A more detailed analysis of the intermixing kinetics revealed that
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a small population of heterokaryons (10-15%) had cell surface
antigens which diffused laterally more rapidly (D=l-4 x 10

cm /sec)

than the antigens of the majority of heterokaryons. This heterogeneity
was taken as evidence that, in the majority of cells, integral
membrane proteins may not be completely free to diffuse on the cell
surface (164). Changes in membrane potential (produced by altering
the potassium ion concentration of the medium or by adding drugs
such as ouabain, gramicidin, and diphenylhydantoin) were reported
to affect the lateral diffusion rates of surface antigens in those
cells (80-85%) which restricted diffusion to some extent, but not
the rates of the freely diffusing antigens (167).
Lateral mobility of fluorescein-isothiocyanate-labeled integral
membrane proteins of human erythrocytes (>70% of label on band 3
and PAS-1) has also been examined by the cell fusion technique (8).
A 50/50 mixture of labeled and unlabeled cells in 310 mOsm phosphatebuffered saline, pH 7.6, was treated with Sendai virus to fuse
the cells, and redistribution of fluorescence from the labeled
to the unlabeled cells was scored with time. A minimum diffusion
coefficient of 4 x 10

-11

2

cm /sec at 37°C was calculated. Lateral

diffusion was found to be highly temperature-dependent (see table 2)
and to be two- to three-fold faster in fresh than in aged (ATPdepleted) cells (8). Incubation of virus-treated (hence "leaky")
cells with the 72,000 dal ton spectrin-binding fragment of ankyrin
resulted in a two-fold increase in diffusion coefficient, although
standard errors for the control and experimental values were not
stated (168).
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TABLE 2. LATERAL MOBILITY OF MEMBRANE PROTEINS

Membrane
mouse/human
heterokaryon
rat myotube

Xenopus
myoblast
frog disc
erythrocyte
ghost

human embryo
fibroblast
mouse
fibroblast
mouse 3T3
cel 1

11

temp,°C

method

label

Ref.

10
4
20

15
21
37

cell fusion

fl. Abb

II

II

n

ll

165
165
163

<1

0

D xlO

itl

spread of fl .
spot

fl. Ab

ii

ll

161

100-300

21

510

22

electrophor.
+ diffusion

200-500

20

APRC

<0.3
0
0.6
3
4

20
0
23
30
37

FPRd
cell fusion

FITCe
FITC

li

ll

ll

ll

li

ll

25

FPR

fl. WGAf

172

23
23

FPR
FPR

FITC
f1. conA

174
178

FPR

succ-conA9

179

2-20

0.80

14-33
<0.1
5-10

161

f 1. conA

162

retinal

169
177
7
8
8
8
8

22k

0.45

FPR

f1. conA-pl.J

189

21

0.45

FPR

f 1. conA-pl.

189

22
3-4
20
5
<0.1
16
<0.1

0.25
0.67
0.5
0.75
0
0.75
0

FPR
FPR
FPR
FPR

FITC
f1. conA
fl. Ab ,
fl. Bgtn

180
180
181
176
176
176
176

0.9

0.15

5
14.5

0.18
0.4

rat peritoneal
mast cell

21

mouse spleen
lymphocytes

30

glial cells

rat myotube
diffuse
patch
diffuse
patch
chick embryo
fibroblast
mouse ova
fertilized
unferti1ized

neuroblastoma
cel 1 s

22
22
37
37

25
25

II

ll

II

n

II

li

FPR

fl. CSP1

186

FPR

fl. Ab

187
187

II

ll

0.65

FPR

fl. igE

188

0.7

FPR

fl. Ab

190

4

FPR

f 1. conA

183

12
6

FPR
FPR

f1. conA
f1. conA

183
182

0.35
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TABLE 2. continued

a cm^/sec
k fl uorescently labeled antibody
c absorbance photobleaching recovery (see text)
fluorescence photobleaching recovery
e fluorescein-isothiocyanate
f
wheat germ agglutinin
^ succinyl-concanavalin A
n tetramethylrhodamine-conjugated a-bungarotoxin
1 fluorescently labeled cell surface protein
J concanavalin A-conjugated platelets
i/

platelets covering <3% of cell surface
platelets covering >3% of cell surface
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b. Photobleaching Recovery. Poo and Cone (169) used the natural
chromophore present in rhodopsin to measure the lateral diffusion
of this integral membrane protein in the disc membrane of rod
outer segments. They partially bleached the rhodopsin molecules
in one half of a single rod outer segment with a light flash, and
monitored by absorbance the change in the rhodopsin distribution
as the bleached and unbleached molecules diffused laterally in
the membrane. A uniform distribution was approached exponentially
with a half-time of approximately thirty seconds at 20°C,
corresponding to a diffusion coefficient of 4-5 x 10

-9

2
cm /sec.

The first fluorescence photobleaching recovery experiment
was performed on fluorescein-isothiocyanate-labeled erythrocyte
membrane proteins (7). Single ghosts suspended in 7 mM sodium
phosphate buffer, pH 8.0, were observed in a fluorescence microscope
at room temperature (20-23°C) and fluorescein on one half of the
ghost bleached with an intense light beam. No significant diffusion
of fluorescent material into the bleached half of the ghost was
detected in a measuring time of 20 minutes. This data apparently
set an upper limit on the average lateral diffusion coefficient
of the labeled membrane components of 3 x 10

-12

2
cm /sec at 20-23°C.

More sophisticated versions of the fluorescence photobleaching
recovery (FPR) system have been recently developed (170-175).
These methods involve observation, generally in a fluorescence
microscope using a sharply focused laser beam for excitation, of
a single cell membrane containing fluorescently labeled protein
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or lipid. A small area of the membrane is exposed to a brief intense
pulse of laser light, which causes irreversible photochemical
bleaching of the fluorophore in that area. The rate and total
amount of recovery of the fluorescence in the bleached region,
which results from lateral diffusion of unbleached fluorophore in¬
to the bleached area, are monitored using a photomultiplier tube
connected to the emission system of the microscope. Appropriate
analysis of the fluorescence recovery curves allows estimation of:
1) the type of process which is leading to the recovery, i.e.
diffusion vs. flow; 2) the relative amounts of mobile and immobile
fluorophore; 3) the lateral diffusion coefficient of the mobile
fraction; and 4) the presence or absence of protein or lipid
domains in the membrane comparable in size to the bleaching laser
beam. One example of the versatility of the FPR system is seen
in an experiment involving the lateral motion of fluorescently
labeled acetylcholine receptors in cultured rat myotube membranes
(176). Two distinct coexisting classes of receptors are found: a
mobile, uniformly distributed population of receptors and an
immobile, dense, patchy population of receptors. Diffusion coefficients
and fractional recoveries (corresponding to the fraction of fluorophore
which is mobile) which have been measured for membrane proteins
in these and other systems are given in table 2.

2. Lipid Piffusion
Electron spin resonance (ESR), nuclear magnetic resonance (NMR),
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and, more recently, fluorescence photobleaching recovery (FPR) have
all been used to measure lateral diffusion coefficients of lipids
in natural and artificial membranes (see 2 for review). Since
this thesis is not concerned with lipid diffusion per se, the
ESR and NMR methodologies will not be reviewed. One caveat in
interpreting FPR data on lipid diffusion involves the use of
various fluorescent lipid analogs as probes of native lipid mobility.
It is not clear that these analogs, which are exogenous compounds
introduced into the natural membrane, are true models for endogenous
membrane lipid. Diffusion coefficients which have been measured
for lipids or lipid analogs in natural membranes are given in
table 3, for comparison with the protein diffusion coefficients
of table 2. In general, it may be noted that lipid diffusion is
faster than protein diffusion and has higher fractional recoveries
(fraction of mobile lipid) than protein diffusion. These comparisons
are further evidence for restriction on the lateral mobility of
membrane proteins in many systems.
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TABLE 3. LATERAL MOBILITY OF MEMBRANE LIPIDS
AND LIPID ANALOGUES

Membrane

11 °
D xl 0 1

f(°°)

temp,°C

method

label

Ref.

1800

31

NMR

31P

195

sciatic nerve

500

31

NMR

197

sarcoplasmic
reticulum

600
1800
1000
2500
6000

8
25
50
25
40

NMR
NMR
NMR
ESR
ESR

'h
31 p

9500
11000
13700

20
30
40

ESR
ESR
ESR

SLFAC
ll

electroplax
membrane

>100

33

NMR

]H

197

rat myotube

1
1
0.7
0.6

23

patch
diffuse

>100
900
120
150

37
37

FPR
FPR
FPR
FPR

dil
dil
dil
dil

180
181
185
185

chick embryo
myotube

200
600

0.9
0.9

12
30

FPR
FPR

dil
dil

184
184

chick embryo
fibroblast

45

FPR

f 1. gan.b

186

800

FPR

dil

186

FPR
FPR

dil
dil

187
187

FPR

dil

190

diO/NBD-PE
NBD-PE
NBD-PE

173
192
192

E. coli

1 iver
microsomes

mouse 3T3
cel 1 s
mouse ova
ferti1ized
unfertilized

II
k

SLLb
II

II

197
195
197
193
193
194
194
194

200
1900

0.05
0.28

mouse spleen
lymphocytes

1500

1

DMPCe
multilayers

<50
6000
8500

23
25
35

FPR
FPR
FPR

Egg PC
multilayers

15000
4000

25
25

FPR
FPR

diO
NBD-PE

173
173

erythrocyte
ghost

2-fold +

0 to 40

FPR

di I

191

acm3/sec
^spin-labeled lecithin

25
25

II

cspin'-labeled fatty acid
ck,
fluorescein ganglioside

edimyristoyl1 ecith
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CHAPTER 2. FLUORESCENCE PHOTOBLEACHING RECOVERY SYSTEM

A. THEORY

1. Design of the Experiment
Quantitative measurement of lateral transport processes (diffusion
and/or flow) by fluorescence photobleaching recovery (FPR) is
simple in concept (1 70,1 72). A sharply focused, circularly symmetric,
attenuated laser beam is used to excite fluorescence in a small
region of a surface containing fluorescent molecules, e.g. a cell
membrane which has been fluorescently labeled. After a measurement of
the initial fluorescence (F(-)) is made, the same laser beam is
employed, now unattenuated, to deliver a brief, intense pulse of
light to the same region of the surface. This pulse causes irreversible
photochemical bleaching of the fluorophore in the region. At the
end of the bleaching pulse, defined as time zero, periodic measuring
pulses are delivered to the labeled surface, using the same laser
beam attenuated to the same intensity as that used to measure F(-).
A record of the fluorescence excited by these measuring pulses
with time (see fig. 5) can be characterized empirically by two
parameters: the first is the fractional recovery of fluorescence
f(oo)

= (F(o°)-F(0))/(F(-)-F(0)),

(1)

where F(°°) is the fluorescence value attained long after bleaching
and F(0) the fluorescence at time zero; the second is the time, t
required to reach 50% of the final recovery of fluorescence, i.e.
F(t1/2) = 1/2 (FH-F(O)) + F(0).

(2)

fluorescence, arbitrary units
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time after bleaching, t/x

Figure 5. Parameters Involved in a_ Typical
FIuorescence Photobleaching Recovery
Experiment. F(-), fluorescence before
bleaching. F(0), fluorescence immediately
after bleaching. F(°°), fluorescence long
after bleaching, x-j^’ half-time for recovery.
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Assuming that photochemical recovery of previously bleached
fluorophores does not occur and that the measuring pulses do
not themselves induce bleaching, recovery of fluorescence in the
region of the surface sampled by the laser beam must reflect
movement of unbleached fluorophore into the previously bleached
region. Such movement could occur either by lateral diffusion or
lateral flow; these two cases are treated separately.

2. Photobleaching
The theory for photobl eaching on a two-dimensional, uniform
distribution of fluorophores used in this thesis is taken from
Axelrod et al.

(170). It is first assumed that the bleaching of

fluorophore to a nonfl uorescent compound is an irreversible, firstorder reaction characterized by a rate constant al(r), where a is
a proportionality constant and I(r) is the intensity of the
bleaching laser beam at distance r from the center of the beam.
The instantaneous concentration profile of unbleached fluorophore
at distance r immediately after a bleaching pulse which is short
compared with the characteristic times for diffusion and/or flow
will then be:
C(r) = CQ exp(-aTBI(r)),
where C

0

(3)

is the initial uniform fluorophore concentration and TD

D

is the duration of the bleaching pulse. The extent of photobleaching
for any given pulse can be completely characterized by the bleaching
parameter K:
K = »TbI(0),

(4)
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where 1(0) is the intensity of the laser beam at its center.
Fluorophore concentration profiles immediately after bleaching for
a Gaussian laser beam (i.e. operated in the TEMqo mode) at
several different values of K are given in fig. 6. Experimentally,
K can be determined from the values of the fluorescence immediately
before and after the bleaching pulse, according to the relation:
F(0)/F(-) = K"1 (1 -e_l<).
In fig. 7 this relation is graphically displayed.

(5)
It should be

noted that this method for calculating the bleaching parameter is
valid for both diffusion and flow recovery curves, since neither
F(0) nor F(-) is dependent on the mode of fluorescence recovery.

3. FIuorescence Recovery Curves
Theoretical recovery curves for diffusion and flow on a
two-dimensional surface can be generated from solutions to the
differential equations of transport subject to the initial condition
caused by photobleaching and characterized by K (derivations in
ref. 170). Such curves have been calculated for a laser beam of
Gaussian spatial intensity profile (170) and are reproduced in
figs. 8-10. The characteristic time for diffusion is defined as
(6)

where wQ is the 1/e

2

radius of the beam at the plane of the fluorescent

surface and D is the diffusion coefficient. Similarly, the character!'Stic
time for flow is defined as
(7)
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o

Figure 6. Fluorophore concentration profiles
immediately after bleaching with

2

a Gaussian laser beam of (1/e ) radius w,
for various values of bleaching parameter K.

F(0)/F(-)
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Figure 7. Ratio of fluorescence immediately after
bleaching to fluorescence before bleaching
vs. bleaching parameter. F(0), fluorescence
immediately after bleaching. F(-), fluorescence
before bleaching.
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Figure 8

Fluorescence recovery F(t) vs. t/x^ for diffusion,
with Gaussian laser beam, for various values of K.
Fluorescence recovery is normalized to a prebleach
value F(-)=1.0. x^, characteristic time for diffusion
(see text), (taken from ref. 170)

Figure 9

Fractional fluorescence recovery f(t) vs. t/x^ for
diffusion, with Gaussian laser beam, for various
values of K. f(t)=[F(t)-F(0)]/[F(~)-F(0)].
(taken from ref. 170)

Figure 1 0. Fractional fluorescence recovery f(t) vs. t/xp for
flow, with Gaussian laser beam, for various values
of K. (taken from ref. 170)

FLUORESCENCE

(ARB UNITS)
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Figure 9.
Figure 8.

Figure 10.
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where VQ is the velocity of uniform flow. It should be noted that
figs. 9 and 10 are presented in the form of fractional fluorescence
recovery f(t) vs. time, where
f(t) = [F(t)-F(0)]/[F(°°)-F(0)],

(8)

while fig. 8 is given as absolute fluorescence recovery vs. time.
The variation in initial fluorescence F(0) with bleaching parameter
K can be seen clearly in fig. 8.

B. METHODS

1. Optics and Electronics
The design of the optical system for FPR measurements was
adapted from Jacobson et al.

(172), and is shown in diagrammatic

form in fig. 11. A 4W argon-ion laser (Spectra-Physics Model 164-08)
tuned to 488 nm was used as the excitation source for a fluorescence
microscope (Leitz Ortholux II) equipped for incident-light (Ploem)
illumination. Operation of the laser in the TEMQ0 mode (Gaussian
intensity profile) was checked by expansion of the beam onto a
distant surface, where its circular symmetry could be easily
appreciated (198), as well as by the form of flow recovery curves
obtained on translating a spot bleached in a thin layer of immobile
fluorophore through the beam (170). Excitation filters were not
needed due to the sharpness of the laser line, so the excitation
diaphragm and filter assembly of the conventional Ploem illuminator
was removed. The laser output was controlled by an automatic current
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regulator which stabilized the intensity to ±1%. The beam was
focused to a waist (w_-j) at the secondary image plane of the
microscope (IP ^) by a weak planoconvex lens (f=500 mm, quartz,
Mel 1es-Griot), and to another waist (w ) at the specimen plane (IPQ)
by the lOOx oil immersion objective (f=1.9 mm, Leitz Oel 100/1.30).
A beam director (Newport Research Corp. Model 675) was used to
change the height of the beam so that it entered the microscope
along the direction used by conventional incident excitation
sources. The focusing lens and beam director were mounted on an
optical rail

(Newport Research Corp. URL-18). A pinhole (0.51 mm

diameter) drilled in a brass plate (0.020 inch drill

bit, Dixon)

and fastened to an XYZ manipulator (Narishige) for fine positioning
was placed as close as possible to the secondary image plane of
the objective (IP -j) in order to improve the Gaussian beam
profile (see below). The illuminated field could be expanded by
placement of a diffuser plate (Leitz) in the beam approximately
3 cm after the secondary image plane (IP -|).
Emitted light was collected by the objective and filtered by
the dichroic mirror (Leitz TK510) and a suppression filter (Leitz
K510) to eliminate most of the back-scattered and reflected
excitation light. The emission was then passed through a series of
alignment lenses (Leitz, MPV-1) and a monochromator (Schoeffel
QPM 30) to an extended S-20 photomultiplier tube (EMI 9558) which
was thermoelectrically cooled (Schoeffel Model DP5001-2T) and driven
by a stabilized high voltage power supply (Schoeffel Model M600).

.

'
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An adjustable (square) field diaphragm placed in the image plane
(IP.,) was used to discriminate against fluorescence from regions
other than the sample plane of interest (171). The photocurrent
was fed into an electrometer which formed a single unit with the
high voltage power supply and the output read by an XY recorder
operated in the time-base mode (Hewlett-Packard 7004B). A dark
_g

current of 1 x 10

amp at a power of 1100 V was obtained with

thermoelectric cooling. The laser, optical rail, microscope, and
photomultiplier tube were all mounted on a 22"x72"x4" 750 lb.
granite slab (Colonial Marble) which was resting on four rubber
inner tubes (Sears) in order to provide vibration isolation.
A mechanical beam stop within the laser was used to control
when the specimen was illuminated for measuring and bleaching
pulses. The intensity of illumination for the measuring pulses could
be adjusted by changing the power output of the laser or the optical
density of a neutral density filter (Fish-Schurman) which was
fixed in position during the experiment. The bleaching pulse was
delivered by mechanical removal of a neutral density filter (O.D. 3.0,
Fish-Schurman) as depicted in fig. 12. Coincident with removal of
the attenuating filter, the shutter to the photomultiplier tube
was mechanically closed to protect the tube from the high level
of fluorescence emitted during the bleaching pulse. The shutter was
mechanically opened at the same time the attenuating filter was
replaced in the beam, in order to obtain an initial fluorescence
value as close as possible to the termination of the bleaching

•
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Figure 12. Scheme for Rapid Removal and Replacement
of Neutral Density Fi1 ter. Neutral density
filter (O.D. 3.0) is mounted on triangularbased ring stand which can be rapidly and
reproducibly tilted to allow a brief, unattenuated
laser pulse to photobleach the specimen.
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pulse. Periodic measuring pulses were then delivered by mechanically
removing and replacing the beam stop within the laser. This was
done to avoid excessive bleaching of the sample by excitation light
during the recovery period. The entire experiment was conducted
in a light-tight room to reduce background noise.
The placement of the weak focusing lens along the optical
axis was critical for obtaining the smallest possible beam at the
specimen plane. The laser beam waist (w_£) is located at the rear,
flat mirror of this laser (198). Here, the 1/e

radius of the

(Gaussian) beam is 0.625 mm. The focusing lens produces another
beam waist (w ^) at the secondary image plane of the microscope (IP_-j)
in accordance with the waist-waist transformation law:
(l/wb2) = (l/wa2)(l-d1/f)2 + (l/f2)(7rwaA)2,
2
where wfl is the 1/e

(9)

2
radius of the initial waist, w^ the 1/e

radius of the final waist, d-j the distance from the initial waist
to the lens, f the focal length of the transforming lens, and A
the laser wavelength (199). For the present system, w =0.625 mm,
a

f=500 mm, d-j~1050 mm (including the length of the laser), and

A=4.88 x 10

-4

mm, resulting in a 1/e

2

radius of the beam of 0.121 mm

at the secondary image plane. This value was used to calculate the
appropriate diameter of pinholt P (see fig. 11), which should
be at least twice the beam diameter in order to avoid truncation
errors leading to unwanted diffraction (199). The distance between
the secondary image plane (IP_-j) and the focusing lens which is
appropriate for production of a waist at the image plane was
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determined by (199):
(cy-f) = (drf)f2/t(drf)2 + («a2/A)2],

(10)

where d-j 1 is the distance from the transforming lens to the final
waist. Substitution yielded a value for d-| 1 of 521 mm. A second
application of the waist-waist transformation for the microscope
objective (d-j =250 mm from the secondary image plane (IP -|) to the
objective, f=1.9 mm for lOOx oil immersion objective) gave a 1/e

2

radius of the focused beam in the specimen plane (w ) of 0.87y.
This value was also checked experimentally by a completely different
procedure (see below).
Alignment of the fluorescent spot in the specimen plane with
the excitation and emission systems was accomplished as follows.
One drop of a 0.5 mg/ml solution of eosin-5-isothiocyanate (Molecular
Probes) in H^O was placed on a glass slide and covered with a
cover slip. An incandescent light bulb above the field diaphragm
on the emission system was used to image the field diaphragm (which
is also in image plane IP^) on the region of the specimen plane
whose fluorescence was collected by the photomultiplier tube. The
center of this region thus defined the axis of the emission system.
Adjustments of the horizontal position of the Ploem illuminator
housing and the angle of the focusing lens with respect to the optical
axis of the excitation system were used to bring the fluorescent
spot into the center of the emission axis. Fine adjustment of the
position and angle of the upper mirror on the beam director was
then employed to line up the fluorescent (green) spot from the eosin

.

with the reflected (blue) spot from the cover glass; perfect
alignment indicated that the exciting and emitted light beams were
both vertical with respect to the specimen plane. Finally, the
pinhole was translated into the beam using the XYZ manipulator;
its position with respect to the optical axis was monitored by
the appearance or disappearance of the eosin fluorescence on
the microscope slide.

2. Experimental Data Analysis
A three-point fit of the data contained in one FPR curve can
be used to determine the diffusion coefficient, D, or flow rate,
Vq, if the nature of the transport (diffusion vs. flow), the
final fluorescence value (F(°°)), and the absolute beam diameter and
profile (Gaussian vs. uniform circular disc) are known (170).
In general, the nature of transport may be ascertained from the
shape of the recovery curve (see figs. 8-10); flow curves are
sigmoidal at all K values while diffusion curves are sigmoidal only
at very high K values for a Gaussian beam. The shape of the experimen
recovery curve can also be compared to the shape of theoretical
curves for diffusion and flow at particular K values (figs. 8-10).
The final fluorescence value (F(°°)) is simply the asymptote of the
experimentally determined recovery curve (fig. 5). The absolute
beam diameter in the specimen plane (w ) and profile can be
experimentally determined (see below).
Once these parameters are known, the analysis for a Gaussian
beam profile proceeds as follows:

.
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(1) The time required to reach 50% of the final fluorescence
recovery (t^^) is determined (eqn. 2).
(2) The bleaching parameter K is calculated from the fluorescence
values before bleaching (F(-)) and immediately after bleaching (F(0))
(eqn. 5, fig. 7).
(3) The mobility rates are calculated according to the formulas:
Diffusion coefficient:

01)

Flow rate:

(12)

where Yq and yp are functions of beam shape and K. Fig. 13 gives
Yp and Yp for diffusion and flow, respectively, with a Gaussian beam
(170). The necessity for these correction factors can be seen
qualitatively in fig. 6, where it is shown that larger K values
lead to bleaching of a wider area on the fluorescent surface. It
will thus take longer for the same amount of recovery to occur
at higher K, and correction must be made for this in calculating
mobility rates. Finally, eqn. 1 is used to determine the fractional
recovery of fluorescence, which is a measure of the fraction of
total fl uorophore which is mobile.

3. Calibration of Beam Size and Profi1e
The FPR technique itself was used to characterize the profile
of the focused laser beam in the plane of the specimen (170).
The experiment involved scanning with known velocity VQ through
a spot bleached in a thin layer of immobile fluorophore in order
to generate a flow recovery curve which could be matched to a

DIFFUSION

I 0

Figure 1 . Factor y>(yq or Yp)» vs. K for a Gaussian beam
(taken from ref. 170)
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theoretical curve with the same K value. The general shape of the
experimental curve provided information about the beam profile
( a Gaussian beam gives a sigmoidal curve; a uniform circular disc
beam yields a linear curve), while the
be substituted into eqn. 12 to get the 1/e

0f the curve could
2

beam radius, w .

A thin, immobile layer of fluorophore was prepared as follows
(adapted from ref. 200). Twenty yl of 0.3 mg/ml fluorescein-5isothiocyanate (FITC, Molecular Probes) in ethanol were dissolved
in 0.5 ml of a clear, colorless encapsulating resin (Sylgard 184;
Dow-Corning). Two yl of the FITC-resin mixture were placed on a
clean glass slide and covered with a cover slip, and pressure was
applied to thin the sample as much as possible. The mixture was
allowed to set at 60°C for 16 hrs. The final thickness of the
set mixture, as measured by a micrometer, was 25y.
The FITC-resin slide was placed on the microscope stage of
the FPR apparatus. A variable-speed infusion pump drive (B. Braun,
Melsungen, W, Germany), to which a long, thin rod was attached
in place of the syringe barrel, was used to translate the stage at
constant velocity. The slowest translation speed was 0.23 y/sec
as calibrated by a vernier scale on the microscope stage and a
stopwatch; this speed was used for the beam size calibration
experiments. Prior to bleaching, the infusion pump was started
and enough time allowed to elapse for all the slack to be taken
out of the translation system. After focusing of the fluorescent
spot, the prebleach fluorescence was measured and a brief bleaching
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pulse (<0.5 sec) administered. As the translation system moved
the bleached area out of the (stationary) beam at constant, known
velocity, a flow recovery curve was generated. Eqn. 12 and fig. 13
were used to calculate

w„

o

from the values of

t-,/0

1/2

and K obtained

from the curve, viz.:
wo = <Vl/2 >'V

(13)

C. RESULTS: BEAM CALIBRATION

A representative example of a flow recovery curve generated
by scanning the focused laser beam at 0.23 y/sec out of a bleached
spot in a layer of immobile fluorescein-isothiocyanate is given
in fig. 14. The nature of transport (i.e. flow) is evident from
the sigmoidal shape of the recovery curve. In addition, the experimental
points are in good agreement with the theoretical flow recovery
curve for a Gaussian beam, calculated for the same K value (170).
A series of thirteen such measurements yielded an average 1/e

2

beam radius of 1.2±0.3y. The inference that diffusion and/or spontaneous
recovery of fluorescence by previously bleached fluorophore were
not contributing to the recovery process was confirmed by an experiment
in which FITC-resin was bleached in the absence of translation. In
this case, no recovery was observed over several minutes (fig. 14).

fluorescence,
arbitrary units

sec

Figure 14. Flow Recovery Curve on Immobile
Fluorophore Used for Beam Calibrat ion.
F(-)=100. K=10.
Smooth curve (a) is theoretical recovery
curve for flow with a Gaussian beam.
See text for experimental details.
a. Experimental data in presence of translation
of beam at 0.23 u/sec. t-j/2=0.65 sec.
b. Experimental data in absence of translation
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D. DISCUSSION

In this chapter the theory, instrumentation, and data analysis
involved in performing a fluorescence photobleaching recovery (FPR)
experiment are presented. A simple method for calibrating the size and
profile of the laser beam used for bleaching and monitoring
fluorescence recovery is also given. The results of the calibration
experiment show conclusively that the beam has a Gaussian profile,
and that the 1/e

2

beam radius is 1.2±0.3y in the plane of focus

of the microscope objective. The irreversibility of photobleaching
for the fluorophore fluorescein-isothiocyanate is also proven. These
two conclusions, that the laser beam is Gaussian and that photobleaching is irreversible, are the two most important assumptions
involved in the analysis of an FPR curve, and their confirmation
is a necessary prerequisite to accurate data analysis.
The theoretically calculated 1/e

2

radius of the Gaussian laser

beam (0.87y) is within experimental error of the experimentally
measured radius (1.2±0.3y). I shall use the measured value of 1.2y
in the calculation of lateral diffusion coefficients from experimental
FPR curves (see chapter 4). Any systematic error which could be incor¬
porated by choosing this or any other value for the beam radius would
not affect the major conclusions of this thesis, which are based upon
relative differences in FPR parameters between different preparations.
In those cases where the absolute value of the diffusion coefficient
is of significance (see chapter 6), a systematic overestimation of the
diffusion coefficient by a factor of two (i.e. by (1.2/0.87) ) would
not be great enough to substantially affect the conclusions.

68

CHAPTER 3. EOS IN-ISOTHIOCYANATE LABELING OF BAND 3

A. MATERIALS AND METHODS

Human erythrocytes were the gift of Dr. A. Tauber. Eosin-5isothiocyanate was purchased from Molecular Probes. Sodium dodecyl
sulfate (SDS), acrylamide and N ,N 1-methylene-bis-acrylamide were
obtained from Polysciences. Triton X-100 was purchased from New
England Nuclear. Neuraminidase (grade IX) was from Sigma. Phenyl methylsulfonylfluoride (PMSF) and 2-mercaptoethanol were purchased
from Eastman. All other chemicals were reagent grade.

1. Labeling of Human Erythrocytes with Eosin-isothiocyanate
The labeling procedure was modified from Cherry et al.

(201-203).

Human erythrocytes obtained from fresh human blood were washed
three times in phosphate-buffered saline (10 mM sodium phosphate,
128 mM sodium chloride), pH 7.4 (PBS) at 4°C. Three mg of eosin-5isothiocyanate (EITC) were dissolved in 6 ml of PBS at room temperature
and added to 15 ml of packed, washed erythrocytes. This mixture
was stirred gently at room temperature in the dark for three hours.
The erythrocytes were then washed with four to five volumes of PBS
three times and subsequently lysed in 750 ml of 5 mM sodium phosphate,
pH 7.4, to which 30 nM PMSF had been added, for 30 min. Following
lysis the ghosts were pelleted by centrifugation at 21,500 x g for
25 min and washed at least four times with forty volumes of 5 mM

'
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sodium phosphate + 30 nM PMSF, pH 7.4. An orange precipitate
appeared during the first two to three washes of the labeled
ghosts; this was presumed to be EITC which had been noncovalently
bound to the membrane and/or trapped inside the erythrocytes
during the labeling. Washing was continued until a homogeneous
orange-pink ghost pellet with a clear supernatant resulted. All
operations except the labeling step were performed at 0-4°C
in the dark. The labeled ghosts were stored up to a week in
5 mM sodium phosphate - 30 nM PMSF - 10 mM sodium azide at
4°C in the dark. Unlabeled ghosts were prepared from fresh eryth¬
rocytes by an identical procedure, omitting the three hour
labeling step at room temperature.
For analytical purposes 150 yl of packed labeled ghosts
were dissolved in 1.5 ml 5 mM sodium phosphate + 1% SDS, pH 7.4.
The amount of bound eosin was determined spectrophotometrically
(204), assuming the maximum molar extinction coefficient of eosinisothiocyanate to be 8.3 x 104 M”"* cm-"*

(ref. 204; data not shown).

The maximum extinction coefficient of this chromoohore has been
shown to change by <5% upon conjugation to protein (204). The
absorption maximum for the solution occurred at 528 nm (Cary 14);
the spectrum was identical in shape to that of published EITC
spectra (204; data not shown). Protein was determined using the
method of Lowry et al.

(205).
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2. Identification of Labeled Membrane Components
a. SDS-Polyacrylamide Gel Electrophoresis. SDS-polyacrylamide gel
electrophoresis was performed using the discontinuous slab gel
method of Laemmli

(206). The resolving gel was prepared from a

solution containing 8.5% acrylamide and 2.6% bis-acrylamide (with
respect to acrylamide), the stacking gel from a solution containing
3% acrylamide. Dimensions of the resolving gel were 0.45 x 12 cm.
One lane of the gel was 1 cm wide. Packed labeled or unlabeled
ghosts were solubilized in a solution containing 10 mM Tris chloride,
1 mM EDTA, 3% SDS, 2% sucrose, and 2% 2-mercaptoethanol

(final

concentrations) at pH 7.4 and incubated for 2 min at 100°C.
The solubilized ghosts containing 0.4 mg protein were then loaded
onto the gels which were run for 3 hr at a current of 100 mA per
gel. Duplicate samples were loaded in a symmetrical fashion about
the center lane of the gel

in order to facilitate comparison of

Coomassie blue and PAS stained bands in the same preparation (see
bel ow).
When electrophoresis was complete, the various unstained gel
lanes were scanned for eosin absorbance at 515 nm using a spectrodensitometer (Schoeffel Model SD3000). The absorbance from unlabeled
ghosts could be subtracted directly from that of labeled ghosts in
an adjacent lane by using the double-beam mode of the gel scanner.
The gel was then divided in half with a scalpel

to create two

identical sets of sample lanes. One half was stained with Coomassie
blue (14), and the absorbance scanned at 530 nm. The other half
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was fixed in 10% acetic acid/25% 2-propanol for two days and
stained using the periodic acid-Schiff base staining procedure
(14); the absorbance was scanned at 560 nm.

b. Selective Extraction Procedures
1. Low Ionic Strength Extraction. One volume of packed labeled
ghosts (approximately 5 mg protein/ml) was diluted with nine volumes
of warm (37°C) 0.1 mM EDTA, pH 8, and incubated for 20 min at 37°C
(ref. 14). The solution was then centrifuged at 35,000 rpm in a
SW-41 rotor (Beckman) at 4°C for 30 min. The pellet was resuspended
in 10 volumes of 5 mM sodium phosphate, pH 7.4 + 1% SDS. Eosin was
determined spectrophotometrically. Protein was assayed by the
Lowry method (205). All operations were performed in the dark.
2. Triton Extraction. One volume of packed labeled ghosts
(approximately 5 mg protein/ml) was diluted with 5 volumes of a
solution containing 0.5% Triton X-100 (vol/vol) in 56 mM sodium
tetraborate, pH 8.0, and incubated for 20 min at 0°C (ref. 29).
The solution was then centrifuged at 15,000 rpm in a SS-34 rotor
(Sorvall) at 4°C for 30 min. The pellet was resuspended in 5
volumes of 56 mM sodium tetraborate, pH 8.0 + 1% SDS. Eosin and
protein were determined as above. All operations were performed
in the dark.
3. Chloroform/Methanol Extraction. One volume of packed labeled
ghosts was diluted to approximately 2 mg protein/ml in a solution
containing 10 mM Tris(hydromethyl)aminomethane, 0.1 mM EDTA, pH 7.4.
Nine volumes of chloroform/methanol

(2/1; vol/vol) were added

and the solution incubated with vigorous stirring at room
temperature for 30 min (ref. 207). The mixture was then centrifuged
at 1500 rpm for 10 min at 4°C and the aqueous layer aspirated off.
This layer was recentrifuged at 100,000 x g in a 50-Ti rotor
(Beckman) for 60 min at 4°C, in order to remove traces of the
insoluble interphase layer remaining in the aspirated aqueous
layer. All operations were performed in the dark. Eosin and protein
were determined as above. Sialic acid was determined fluorimetricall
by the method of Hammond and Papermaster (208), after sialidase
treatment according to Tomita et al.

(209).

B. RESULTS

1. Eosin Labeling. Packed labeled ghosts generally contained
4-10 mg protein per ml and 6-15 pg eosinisothiocyanate per ml.
The eosin/protein ratio was typically 1.1-1.7 ug eosin.,per mg
total membrane protein.

2. SDS-Polyacrylamide Gel Electrophoresis. Densitometric scans
of eosin absorbance, Coomassie blue stain, and PAS stain from
gels run on labeled ghosts are given in fig. 15. To reduce back¬
ground artifacts due to inhomogeneities in the gel, the eosin
absorbance scan is a difference scan between adjacent lanes
loaded with the same amount of labeled and unlabeled ghost protein,
respectively. The same qualitative results were obtained using a
single-beam scan of the labeled ghost lane, since the unlabeled
ghost lane showed no detectable peaks of absorbance at 515 nm
(data not shown).

'
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Figure 15. SDS-polyacrylamide gel electrophoresis of
eosin-labeled ghost membranes.
- : Coomassie blue stained
-: PAS-Schiff base stained
-: Eosin absorbance
Major proteins in high molecular-weight region of
the gel are labeled for convenience. F, position
of buffer front. See text for experimental details.

Most of the eosin absorbance is associated with band 3.
A small amount of absorbance is also detected in the region of
bands 1 and 2 (spectrin). Only trace amounts, if any,are associated
with other proteins stained by Coomassie blue. In the 8.5% gel
system the peak of the glycophorin A band (PAS-1) is separated
from band 3, although the trailing edge of PAS-1 overlaps the
leading edge of band 3. The peak of eosin absorbance is clearly
seen to run with band 3 and not PAS-1; a small amount of glyco¬
phorin labeling cannot be excluded from the results of this gel
scan, however. Membrane proteins from labeled and unlabeled ghosts
appeared identical on Coomassie blue and PAS staining, indicating
that no major change in the proteins was caused by either eosin
labeling or incubation of the intact erythrocytes at room
temperature for 3 hrs (data not shown).

3. Selective Extraction Procedures. Selective extractions of
membrane proteins from labeled ghosts were used to confirm the
results of the SDS gel scans and to provide a quantitative
estimate of the amounts of labeling on proteins other than band 3.
The results of these extractions are given in table 4, in addition
to literature values for the same extractions on similar preparation
of EITC-labeled ghost membranes (202). Low ionic strength treatment
of labeled ghosts released 24±6% of the total membrane protein
but only 8±2% of the eosin label into the supernatant (N=3).
This treatment is reported to selectively solubilize nearly all
of bands 1, 2, and 5 (refs. 14,202). Partial solubilization of

'
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TABLE 4. SELECTIVE EXTRACTION EXPERIMENTS ON
EOSIN-LABELED GHOST MEMBRANES8

Extraction procedure
Supernatant

Pel let

% eosin

% protein

norm*3 raw

%

norm0 raw

% eosin
b
norm raw

protein
b
norm raw

24±6

92±2 105±13

76±6

experimental (n=3)

8±2

1iterature

7±3C

9±3

23±8

69
74

25±7C

a. i+

Low ionic strength

Triton X-100
experimental (n=l)

69

1iterature

60-80c

59

51

42

31

26

40c

% eosin

Organic
% NANA

f

% eosin

Chioroform/Methanol
experimental
1iterature

(n=l)

5

73

3.79

83-

asee text for detailed methods of extraction
^normalized to 100% total for supernatant + pellet
r

ref. 201; not stated whether normalized or raw values
dref. 14
eref. 29
^sialic acid
9ref. 207

40
45e

Aqueous
% protein

49

°i

protein
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band 3 with Triton X-100 resulted in release of 69% of the bound
eosin along with 51% of the membrane protein. This experiment
was semiquantitative at best, since Triton extraction is only
partially selective for band 3 (the major glycoproteins are released
as well), and not all of the band 3 is released (29). Finally,
chioroform/methanol extraction of labeled ghosts resulted in
the appearance of 7% of the total eosin, 5% of the total protein,
and 73% of the total sialic acid in the aqueous phase; the organic
phase contained no detectable protein and no detectable eosin.
This extraction is reported to selectively release nearly all of
the PAS-staining glycoproteins into the aqueous phase (207),
and all of the membrane lipids into the organic phase (201,202).

C. DISCUSSION

In this chapter a procedure for selective labeling of band 3
with fluorophore in human erythrocyte membranes is presented.
SDS-polyacrylamide gel electrophoresis and selective extraction
experiments together demonstrate that at least 80% of the eosinisothiocyanate label is present on band 3, with approximately
8% present on spectrin and 5-10% present on glycophorin. Membrane
lipids do not appear to be labeled at all. These values accord
well with the literature values for EITC labeling by an almost
identical procedure (201-203).
The selective labeling demonstrated in this chapter and
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elsewhere (201-203) is in accord with the finding that only glycophorin and band 3 among the major membrane proteins are present
on the extracellular surface of the erythrocyte (3,13,74), although
the small amount of spectrin labeling must be due to permeation of
at least a small percentage of probe through the membrane. Selectivity
of labeling is also consistent with the observation that eosinisothiocyanate is a potent inhibitor of anion transport (112,201).
Other inhibitors of anion transport such as DIDS bind selectively
(>90%) to band 3, labeling glycophorin only to the extent of 7-10%
(refs. 32,33). The stoichiometry of eosin binding (1.1-1.7 yg per
mg total membrane protein) corresponds to a molar ratio of eosin
to band 3 of approximately 0.75 (assuming 100% binding of eosin
to band 3, a molecular weight for band 3 of 90,000 daltons, and
a ratio of band 3 to total membrane protein of 0.24), which is
close to the theoretical limit as well as the experimental values
found for anion transport inhibitors (32,33,38,110,111).
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CHAPTER 4. FLUORESCENCE PHOTOBLEACHING RECOVERY
ON EOSIN-LABELED GHOSTS

Abundant indirect evidence exists implicating the erythrocyte
cytoskeleton in restriction of integral membrane protein mobility
(see chapter 1). In designing the experiments reported in this
chapter, it was thought desirable to measure directly the lateral
mobility of band 3 both in the presence and in the absence of
cytoskeletal forces. The usual conditions for complete dissociation
of the cytoskeleton from the membrane, however, lead to extensive
vesiculation of erythrocyte ghosts (150). The resultant vesicles
are comparable in size to the focused laser beam used in the FPR
experiment; when subjected to a bleaching pulse, an entire vesicle
will be bleached, leaving no unbleached fluorophore which is
capable of lateral diffusion. For technical reasons, then, FPR
cannot be used on such a system. It was hypothesized that the
same experimental parameters important in complete dissociation
of the cytoskeleton - i.e. low ionic strength, high temperature,
and time - might also be involved in a rearrangement of cytoskeletal
membrane proteins which would precede both complete cytoskeletal
dissociation and ghost vesiculation. Such a rearrangement could
involve a metastable state of cytoskeleton structure intermediate
between tight binding to and complete dissociation from the membrane.
The lateral mobility of band 3 might also be expected to change
dramatically under such conditions. This chapter, then, examines

.
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the effects of ionic strength, temperature and time on the lateral
mobility of eosin-1abeled band 3 in erythrocyte ghost membranes.
All three parameters are found to affect greatly both the diffusion
rate of the mobile band 3 and the fraction of total band 3 which
is free to diffuse in the plane of the membrane.

A. METHODS

1. FIuorescence Photobleaching Recovery System
The optics and electronics for the FPR system are described
in chapter 2. Control of sample temperatures above room temperature
was achieved with an air stream stage incubator (Nicholson Precision
Instruments, Model C300) placed 4-6 inches from the microscope stage.
A microprobe thermometer (YSI model 423 probe, model 42SC meter)
was taped to the microscope slide to monitor the temperature at
the sample. Once the system was equilibrated (10-15 min), temperature
was controlled to ±1°C. One experiment involved FPR measurements
at 10°C. This temperature was achieved by blowing cold nitrogen gas
(cooled by being passed through a coil of copper tubing submerged
in a dry ice/acetone mixture) onto the microscope stage and monitoring
the sample temperature as described above. Temperature was controlled
by this method to ±2°C.

2. Preparation of the Sample
Thirty yl of packed, eosin-labeled erythrocyte ghosts (4-10 mg
protein/ml, 1.1-1.7 yg eosin/mg protein) in 5 mM sodium phosphate.

_
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10 mM NaN^, 30 nM PMSF, pH 7.4 (see chapter 3) were diluted to
300 yl with various concentrations of sodium phosphate buffer,
pH 7.4. The diluted ghost suspension was degassed in a sealed,
purged glove bag (Ventron, model X-27-17) by a stream of argon for
30 min (5.2 mM NaPO^ sample) or nitrogen for 3 hrs (all other
samples) at room temperature in the dark. The nitrogen and argon
were first bubbled through water to prevent excessive evaporation
of the suspension.
Photoinduced oxidation of erythrocyte membrane proteins leading
to extensive cross-linking has been shown in the presence of
oxygen and fluorescein (210,211) or eosin (112), but not in
the absence of oxygen (112,210,211). This finding implies that
purging cell suspensions of oxygen prior to FPR experiments should
eliminate the possibility of photosensitized cross-linking. These
experiments are performed on macroscopic suspensions of ghosts
using large doses of diffuse laser light, though, and their
applicability to the microscopic situation of an FPR experiment is
questionable. For example, the extent of cross-linking decreases
with shorter exposure times to the same total irradiation dose
of exciting light (211), suggesting that the bleaching pulses
involved in FPR experiments (<1 sec duration) may induce only
minimal cross-linking. Both irreversible dye bleaching (necessary
for FPR measurements) and photosensitized oxidation (leading to
production of singlet oxygen with subsequent cross-linking of
membrane proteins) may proceed by so-called type II mechanisms

-

*
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in which electronically excited dye triplet state interacts with
molecular oxygen to produce singlet oxygen and either bleached
(irreversibly oxidized) or ground-state dye (211). If this is the
case, then removal of oxygen from the system should mean that a
greater number of photons must be directed at the sample in order
to get the same amount of fluorophore bleaching. This hypothesis
was in fact borne out in the present study, and the successful ness
of purging could be determined by the rapidity with which bleaching
of fluorophore occurred at a given laser intensity (data not shown).
It is likely, moreover, that photochemical bleaching of fluorophore
can proceed by mechanisms which do not involve oxygen, while
photoinduced cross-linking of membrane proteins almost certainly
involves a diffusible oxygen intermediate. Purging the eosinlabeled ghosts of oxygen prior to FPR experiments was thus
deemed the best method for eliminating adverse cross-linking effects
mediated by excited state molecular oxygen.
One to two yl of the purged ghost suspension was placed on
a microscope slide, covered with a 22 mm x 22 mm cover glass (No. 1
thickness), and sealed with epoxy (Devcon, "Five-Minute" Epoxy),
all inside the glove bag. The ghost suspension spread spontaneously
between the slide and cover glass, yielding a sample of average
thickness 2-4y (calculated from the volume applied and the area
occupied). This geometry oriented the ghosts parallel to the microscope
slide and maintained them in a fixed position on the slide, a
necessary prerequisite for measurements of diffusion by FPR. Defocusing
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effects in bleaching and fluorescence measurements due to the
small depth of field of the lOOx objective were also almost
entirely eliminated with a sample of this thinness (see ref. 172).
Thus, it can be calculated that the focused laser beam irradiated
both the top and bottom ghost membranes with a maximum difference
in beam area of 14% between the two membranes, if the membranes
were separated by 2y (see ref. 172). This difference was well
within the experimental error of the apparatus. The volume of
the ghost suspension after purging was compared to the volume
before purging, in order to determine the exact concentration of
phosphate buffer in the sample which was sealed on the microscope
siide.
In a control experiment, 300 yl of human hemoglobin in
distilled H^O (prepared by lysis of intact erythrocytes and
centrifugation to pellet the membranes, as described in chapter 3)
were degassed with nitrogen for three hours and sealed on a
microscope slide with epoxy, all in the glove bag. The absorbance
spectrum (Cary 14) of the sample showed only deoxyhemoglobin
immediately after degassing and sealing. No spectrophotometrically
detectable oxyhemoglobin was regenerated on standing at room
temperature for 24 hrs, confirming that the epoxy was impermeable
to oxygen over a period of at least 24 hrs (data not shown).

3. FIuorescence Photobleaching Recovery Experiment
The degassed eosin-1abeled ghost sample was placed on the
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microscope stage of the FPR apparatus. Individual ghosts were
located either by transmitted light or by incident-light fluorescence.
The latter mode used the fully attenuated laser beam as the excitation
source, with the diffuser plate placed in the beam in order to
expand the area of the microscope field which was illuminated (see
fig. 11). The cells appeared disc-like to cup-shaped and were
uniformly fluorescent with a bright green perimeter; they were
fairly homogeneous in size with diameter 5-9y. A single cell was
centered in the field so that the focused laser spot fell in the
center of the cell. The field diaphragm (fig. 11) was adjusted
to an area approximately ten times larger in the specimen plane
than that of the ghost. The laser power output was adjusted so
that a measuring light pulse would produce a convenient signal
as measured by the photomultiplier tube. Typical settings were:
laser power, 100 mW (attenuated by 10

by neutral density filters

before the beam reached the sample); voltage to photomultiplier,
1100 V; electrometer, 10-30 x 10

-9

amp full scale. The XY recorder

was started in the time-base mode with a 0.25 sec filter and
several values of the pre-bleach fluorescence from the laserilluminated spot were measured. A brief (<1 sec) intense bleaching
pulse (approximately 1 mW) was delivered as described in chapter 2.
Periodic measuring pulses (duration 1-2 sec) were delivered until
a stable post-bleach fluorescence level was reached. Under certain
circumstances the fluorescence recovery was seen to proceed with
extreme rapidity (t-|/2<5 sec); in these cases, the beam stop was
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left open for the entire recovery period and a smooth recovery
curve was obtained. Sometimes a ghost was bleached two to four
times in succession in the same spot, in order to compare diffusion
coefficients and fractional recoveries of fluorescence when some
of the (immobile) fluorophore in a given region of the cell was
already bleached. At the conclusion of the experiment, a very
long bleaching pulse was delivered (90-120 sec) in order to bleach
all of the fluorophore in the illuminated area. The residual
fluorescence value after this bleaching pulse (usually <5% of
the fluorescence of an unbleached spot) was a measure of the
background light level in the system when all the shutters and beam
stops were removed. This value was taken to be the zero level in
calculating the K parameter from the immediate pre- and post¬
bleach fluorescence values (eqn. 5).
In a control experiment a single cell was centered in the
field and, with the diffuser plate in the beam and the field
diaphragm wide open, the fluorescence produced on illumination of
the entire cell was measured. The whole cell was then bleached by
removing both neutral density filters from the beam but keeping
the diffuser plate in the beam. No recovery of fluorescence was
observed over a period of 15 min, indicating that spontaneous
photochemical recovery of eosin fluorescence was not contributing
to the recovery process in the normal

FPR experiment, i.e. that

bleaching was in fact an irreversible process (data not shown).
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B. RESULTS
The results of a series of fluorescence photobleaching recovery
experiments on eosin-1abeled erythrocyte ghosts are summarized in
table 5. Incubation conditions ranged from 5.2 mM to 46 mM sodium
phosphate buffer and from 21°C to 37°C temperature. Typical
experimental recovery curves under the extremes of these incubation
conditions are given in fig. 16 and compared to theoretical FPR
curves for diffusion with a Gaussian beam (170). In general the
fit is excellent, implying that lateral diffusion is the only
process which is contributing significantly to fluorescence recovery.
This notion was confirmed, albeit in a qualitative way, by the
visual observation that the cell which had been bleached was
immobile over the time course of the FPR experiment, retaining
the same position in the microscope field at all

times. The experimental

data tended to be more scattered under conditions of high ionic
strength and low temperature, where fractional recoveries of fluorescence
were low (fig. 16c). This was mainly a signal-to-noise problem,
since the percentage contribution of noise to the experimental
data was greater with smaller changes in signal. The scatter was
also reflected in the relatively large error in fractional recovery
at 46 mM phosphate and 21°C (table 5). Nonetheless, even under
these conditions the data fit a theoretical diffusion curve well.

1. Effect of Ionic Strength. Low temperature (21°C) and high ionic
strength (46 mM phosphate) favored immobilization of band 3 (11±8%
fractional recovery) as well as slow diffusion of the mobile
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Figure 16. Experimental FPR curves under extreme conditions of
[NaP0/|] and temperature:
[NaPO/,1, mM

temp,°C

K

4

D x 10^,

f(°°)

2

cm /sec
6.2

0.65

a

5

21

4.5

b

13

37

2.2

c

46

21

1.8

2.1

0.20

d

46

37

1.6

4.4

0.50

130.

0.94

Smooth curves are theoretical curves for diffusion, with a
Gaussian beam.

Figure 16
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f(t)
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fraction (D=4.3±0.2 x 10

-112
cm /sec) (table 5). Decreasing the ionic

strength at the same temperature caused little if any change in
diffusion coefficient (D=5-l0 x 10

cm /sec at all phosphate

concentrations) but a marked increase in fractional recovery (f(°°) =
72±2% at 5 mM phosphate) (fig. 17). Experimental recovery curves
at the extremes of ionic strength are given in fig. 18, showing the
striking change in fractional recovery with ionic strength.
At 37°C much of the band 3 was mobile even at high ionic
strength (41±12% fractional recovery at 46 mM phosphate), although
diffusion of the mobile fraction was still slow (D=4.6±0.8 x lO-"*''
cm /sec). Decreasing ionic strength led first to a rapid increase
in fractional recovery to 75±13%, followed by a sharp rise in
diffusion coefficient to 65±40 x 10

cm /sec (fig. 17). It

should be noted that the sharp increase in diffusion coefficient
occurred over an ionic strength range in which the fractional
recovery was not changing at all. Measurement of lateral mobility
at phosphate buffer concentrations less than 10 mM at 37°C was
prevented by rapid (<15 min) and total vesiculation of ghost
membranes. The 1-2y diameter vesicles produced were easily identified
in the fluorescence microscope. In addition, cells containing endocytotic vesicles showed no fluorescence recovery after bleaching,
since the vesicles which were bleached were approximately the
same size as the bleaching laser beam. Experimental recovery
curves at three different ionic strengths are given in fig. 19
for comparison.
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Figure 18. Smoothed experimental fluorescence recovery curves
at 21°C. Curves were calculated from averages of
diffusion coefficients and fractional recoveries of
fluorescence at 21°C (see table 5).
a. [PO ] = 5 mM. D = 5 x 10"11 cm2/sec. f(«) = 0.72
4
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?
b. [P04] = 46 mM. D = 4.3 x 10 " crrf/sec. f(^) = 0.11
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Figure 19. Smoothed experimental fluorescence recovery curves
at 37°C. Curves were calculated from averages of
diffusion coefficients and fractional recoveries of
fluorescence at 37°C (see table 5).
a.

[P04] = 13 mM.

D = 65 x 10"11 cm2/sec.

f(«) = 0.83

b. [P04] = 26 mM.

D = 14 x 10"11 cm2/sec.

f(») = 0.75

c.

D = 4.6 x 10"11 cm2/sec. f(») = 0.41

[P04] = 46 mM.
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2. Effect of Temperature. Increasing temperature led to increases
in both diffusion coefficient and fractional recovery. These changes
occurred over different ranges of ionic strength and temperature,
however, and were thus dissociated from one another (fig. 20). At
46 mM phosphate, for example, increasing temperature from 21°C
to 37°C caused a significant increase in the fractional recovery
(11±8% to 41±12%) but no change in the (still slow) diffusion
coefficient. Conversely, at 5 mM phosphate increasing temperature
from 21°C to 30°C led to an increase in the diffusion coefficient
(5±2 to 11±1 x 10

cm /sec) but no change in the (already high)

fractional recovery. At intermediate phosphate concentrations,
increasing temperature resulted first in an increase in fractional
recovery (from 30-40% to 60-80%), followed by a sharp rise in
diffusion coefficient (fig. 20). In all cases the fractional recovery
increased to 60-80% before the diffusion coefficient began to rise.
The reversibility of the two FPR parameters with changes in
temperature provided further evidence of their dissociation (fig. 21).
At ionic strengths of 13 mM and 21 mM phosphate, incubation of the
ghosts at 37°C for 2.5 hr produced large increases in both diffusion
coefficient and fractional recovery when compared to the initial
values at 21 °C. Cooling of the samples back to 21 °C for two hours
resulted in a return of the diffusion coefficients to the initial
values. The fractional recoveries were only partially reversible
with cooling, however, and did not return to initial values over
a period of 24 hrs at 21°C (fig. 21a).

-

.
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Figure 20. Piffusion coefficients and fractional recoveries of
fluorescence vs. temperature at various ionic strengths.
[P04] (mM) is given for each curve in the figure.
See text for experimental details.
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Figure 21. Reversibi1ity of diffusion coefficients and fractional
recoveries of fluorescence. Eosin-labeled ghost samples
were incubated at 21°C for 4.5 hrs after which time
FPR measurements were taken. The temperature was then
increased to 37°C for 2.5 hrs and FPR experiments
again performed. Finally the temperature was lowered
back to 21°C for 2 hrs and FPR parameters were again
measured.
a. ghost sample prepared in 13 mM NaPO^
b. ghost sample prepared in 21 mM NaPO^
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It was possible to inhibit completely the lateral mobility
of band 3 in the membrane. A sample of labeled ghosts was prepared
in the usual manner (see Methods) and incubated for 24 hrs at 4°C
in the dark. The slide was then placed on the precooled microscope
stage (10°C) and the FPR experiment performed at 10±2°C. No
fluorescence recovery was detected in 30 min after bleaching. Warming
of the sample to 21 °C for 60 min resulted in a recovery curve
whose parameters (diffusion coefficient, fractional recovery) were
within experimental error of those from a sample at the same
ionic strength and temperature which had not been incubated in
the cold (data not shown).

3. Effect of Time. Under the proper conditions of ionic strength
and temperature, the diffusion coefficient and fractional recovery
of fluorescence were extremely sensitive to the time of incubation.
Figure 22 presents the results of an experiment in which the FPR
parameters were determined every 15 minutes for 3 hours after
raising the temperature of the sample from 21°C to 37°C. A different
cell was used for each point to avoid bleaching an area in a cell
which had been bleached previously in the experiment. Within 50
minutes the fractional recovery increased to a maximum value of
88±10% and remained at that value for the duration of the experiment.
On the other hand, the diffusion coefficient increased slowly for the
first hour and much more rapidly over the following two hours,
reaching a value of 1.9±0.3 x 10

-9

2

cm /sec at the end of three

hours. This value (corresponding to t-|^-2 sec) approaches the
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Figure 22. Piffusion coefficients and fractional recoveries of
f1uorescence vs.

incubation time at 37°C, 13 mM NaPO^.

Horizontal dotted lines represent initial values at 21°C,
before increasing the temperature to 37°C. Smoothed
curves are drawn through the experimental data by pairwise
averaging of adjacent data points. Vertical dotted line
represents reversal of temperature to 21°C. Temperature
equilibration time was approximately 10-15 min.

cm /sec
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fastest diffusion rate which can be measured with the FPR
system as presently designed, and it is possible that even faster
diffusion would have been observed with longer incubation times
and an FPR system with faster response times. Reversal of the
incubation temperature resulted in prompt and total reversibility
of the diffusion coefficient but only slow and partial
reversibility of the fractional recovery (fig. 22).

4. Rebleaching Experiments. Successive bleaches of the same
fluorescently-1abeled region on a cell membrane should theoretically
result in increasingly greater fractional recoveries of fluorescence
with each bleach (180,181). This is because the fractional
recovery of fluorescence reflects the ratio of unbl eached mobi 1 e
to immobile fluorophore in the region prior to bleaching, and
successive bleaches lead to progressively greater increases in
this ratio. If the mobile fluorophore is only free to diffuse
within discrete membrane domains significantly smaller than the size
of the cell but comparable in size to the bleaching laser beam,
however, a limiting fractional recovery which is considerably
less than 100% would eventually be reached no matter how many
bleaches are delivered (182).
To test this in the eosin-1abeled band 3 system, successive
rebleachings were performed under a variety of ionic strength and
temperature conditions (table 6). In all cases the fractional
recovery increased with each succeeding bleach, reaching a value
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TABLE 6. REBLEACHING EXPERIMENTS ON EOSIN-LABELED
GHOST MEMBRANES

[P0 ], mMa

temp,

bleach #

Kb

°C

D x 1011
2
cm /sec
_

f(°°)

1
2

1.9
1.9

4.4

0.07
0.50

37

1
2
3
4

1.6
2.6
2.7
4.5

5.7
5.8
5.1
16.

0.50
0.60
0.68
0.81

21

1
2
3

1.9
1.6
1.8

9.6
2.9
2.3

0.32
0.73
0.94

37

1
2

2.1
2.0

22.
9.6

0.68
1.06

18.8

37

1
2

0.7
1.4

66.
57

0.64
0.92

9c4

21

1
2

2.5
2.9

7.9
8.5

0.50
0.73

5C

21

1
2
3
4

2.4
2.7
1.5
3.3

7.9
8.6
7.2
4.9

0.45
0.59
0.66
0.87

21

1
2
3
4

2.3
5.0
3.4
3.0

5.4
9.2
6.2
6.7

0.44
0.50
0.67
0.86

46

21.4

21

a +1 mM NaNo
b
^
bleaching parameter
c +10 mM NaN3

105

of 80-100% after the third or fourth bleach. Unless the fractional
recovery was very high on the first bleach (60-70%), it did not
reach 80-100% after the second bleach because the bleaching of
immobile fluorophore by two laser pulses with K parameters of 2-5
was still incomplete. Subsequent bleaches approached 100% recovery
in all cases.

C. DISCUSSION

This chapter presents the results of fluorescence photobleaching
recovery experiments on eosin-1abeled band 3 in erythrocyte ghost
membranes under various conditions of ionic strength, temperature,
and time. Experimental recovery curves were closely fit by theoretical
curves for diffusion, proving that fluorescence recovery after
photobleaching represented lateral diffusion in the plane of
the membrane with negligible contribution from any systematic
flow process.

In general, low ionic strength and high temperature

promoted rapid diffusion of band 3 and a high proportion of mobile
to total band 3 molecules; high ionic strength and low temperature
favored slow diffusion of band 3 and immobilization of band 3
molecules on the time scale of the experiment. It was repeatedly
demonstrated, however, that the diffusion and the immobilization
processes have different dependencies on ionic strength, temperature,
and time. In all cases, increases in the diffusion coefficient
occurred at lower ionic strength, higher temperature, or longer
incubation times than comparable increases in fractional recovery.

106

An important consequence of this result is that large increases in
the diffusion coefficient occurred only when the fractional recovery
was already high, i.e. when nearly all the band 3 molecules were
free to diffuse in the plane of the membrane. Furthermore,
changes in the diffusion coefficient over almost two orders of
magnitude were readily and completely reversible, while twoto three-fold changes in the fractional recovery were only slowly
and partially reversible. Any model for erythrocyte membrane structure
must take these observations into account; several such models
are presented and discussed in chapter 6.
Several qualifications must be placed on the theoretical
limits of the experimental data obtainable by the actual FPR
experiment, due to both the finite size of the erythrocyte membrane
and the finite length of time in which a single FPR curve is
obtained. As noted in chapter 2, the 1/e

2

radius of the Gaussian

laser beam used for bleaching is 1.2y. The percentage of the
total erythrocyte membrane surface (top and bottom) which is
illuminated by the beam is approximately 6%, assuming a surface
2
area for the membrane of 1 50y . A bleaching pulse characterized
by a K value of 2-5 therefore bleaches approximately 4-6% of the
total fluorophore present on the membrane surface (see fig. 6),
and the maximum possible fractional recovery of fluorescence is
94-96% rather than 100%. After correcting for the finite size
of the cell, then, the maximum mobile fraction of fluorophore
observed in these FPR experiments is (88/10)/95, or 93±10%.
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Unfortunately, the experimental error precludes a definitive
statement as to whether all the band 3, or simply most of the band 3,
is free to diffuse under these conditions. If it is assumed that
eosin labeling of spectrin occurs to the extent of 8% (see chapter 3),
and that most if not all of the spectrin is immobile on the membrane
(see chapter 1), then the experimentally observed maximum mobile
fraction of band 3 is probably 100±T0%. If the ankyrin-1inked
band 3 (10-15% of total band 3) is ever free to diffuse in the
plane of the membrane, then either band 3-ankyrin, ankyrin-spectrin,
or some other spectrin-membrane bonds must be broken. The
implications of this statement are discussed more fully in chapter 6.
The finite length of time for which fluorescence recovery
after bleaching is monitored leads to an estimate of the maximum
possible diffusion coefficient for the fraction of fluorophore
which is immobile on the time scale of the experiment. Assuming
an observation time of 20 minutes after bleaching and a bleaching
parameter (K) of 2, and taking a 20% change in fluorescence to
be the minimum significant difference observable, a maximum
diffusion coefficient for the immobile fraction of 1 x 10

-12

2

cm /sec

can be calculated (see fig. 9, eqn. 11). This number is forty
times less than the minimum diffusion coefficient determined for
the fraction of fluorophore which is mobile on the time scale
of these experiments.
Under all conditions of ionic strength and temperature
tested, successive bleachings on the same region of the ghost
membrane resulted in 80-100% fractional recovery of fluorescence

'
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after the third or fourth bleach. This is the result expected if
mobile fluorophore is capable of diffusing over distances on the
membrane much greater than the size of the laser beam (181). In
particular, this result implies that bounded domains of protein
or lipid were not responsible for the restricted lateral mobility
of band 3 under various conditions of ionic strength and temperature
in these FPR experiments. As noted above, a typical bleaching pulse
leads to irreversible bleaching of approximately 5% of the total
fluorophore on the membrane. Since the fractional recovery of
fluorescence on repetitive bleaching is greater than 80%, the
membrane area in which the fluorophore is freely diffusing can
be no smaller than 5%/(100%-80%), or at least 1/4 the area of the
intact erythrocyte. Large domains of this size are highly unlikely.
The technical aspects of the experiments reported in this
chapter are very reassuring in that the internal structure and
consistency of the data excludes many potential artifacts from
playing a major role in the results. The large dynamic range of
values observed for both diffusion coefficients (4 x 10”^ to
2x10

cm /sec) and fractional recoveries (10% to 90%) under

various conditions implies that all the values are meaningful,
especially in comparison with one another. The demonstration
of total reversibi1ity in the diffusion coefficient and partial
reversibi1ity in the fractional recovery eliminates such a priori
possibilities as a complete, irreversible breakdown in membrane
structure as an explanation for large increases in these two

.
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parameters. Finally, as noted above, relative differences between
diffusion coefficients under various conditions are independent
of the diameter of the laser beam used for bleaching, and a
slightly smaller or larger value for the beam size would not
affect these comparisons.

no

CHAPTER 5. IONIC STRENGTH-DEPENDENT DISSOCIATION
OF SPECTRIN FROM GHOST MEMBRANES

The lateral mobility of band 3 in the erythrocyte membrane
is highly dependent on the same experimental parameters which favor
complete dissociation of the cytoskeleton from the membrane (see
chapter 4). In this chapter an attempt is made to elucidate the
molecular basis for changes in the lateral mobility of band 3, by
examining in detail the ionic strength dependence of dissociation
of spectrin, the major cytoskeletal protein, from the ghost membrane.
It can be inferred from the reversibility of changes in lateral
mobility (complete reversibility in diffusion rate, partial
reversibility in the fraction of molecules which are mobile) that
such changes are not due to an irreversible alteration in membrane
structure. The results presented in this chapter confirm this
inference directly, by demonstrating that complete dissociation
of spectrin occurs over a range of ionic strengths much lower than
that over which dramatic changes in lateral mobility are seen.

A. METHODS

The method used for analysis of spectrin dissociation was
taken from Bennett and Branton (138). Four yl of packed, eosinlabeled erythrocyte ghosts (10.9 mg protein/ml; 1.1 yg eosin/mg
protein) in 5 mM sodium phosphate, 10 mM sodium azide, 30 nM PMSF,
pH 7.4 were suspended in a 200 yl volume containing 1 mM sodium

Ill

azide, 30 nM PMSF, and various concentrations of sodium phosphate,
pH 7.4. After incubation for 60 min at 37°C, the samples were
sonicated 15 times for 1 sec at 30 W (Ultrasonics model W-225R,
microprobe tip), gently shaken, layered onto 200 yl of 20% sucrose
in 500 yl microfuge tubes, and centrifuged (Eppendorf model 5412)
at 4°C for 40 min at 15600 x g. The sonication and shaking steps
were used to facilitate release into free solution of any
solubilized protein molecules which had been entrapped within
the ghosts. The resulting supernatants were carefully removed
and discarded, and the orange-pink pellets dissolved in 50 yl of
10 mM Tris chloride, 1 mM EDTA, 3% SDS, 2% sucrose, 2% 2-mercaptoethanol , pH 7.4. The composition of the dissolved pellets was
analyzed by discontinuous slab gel electrophoresis according to
Laemmli (206). The stacking gel was 3% in acrylamide, the resolving
gel 7.5% in acrylamide and 2.7% in bis-acrylamide (with respect
to acrylamide). Dimensions of the gel were 0.15 x 12 cm. Following
staining with Coomassie blue (14), the gel lanes were scanned
at 550 nm (Schoeffel spectrodensitometer, model SD3000). The
amount of spectrin (bands 1 and 2) remaining in the membrane pellets
relative to band 3 (which was presumed inextractable without
detergent) was estimated by the comparison of the heights of or
the areas under the peaks corresponding to bands 1, 2, and 3.
A control sample was maintained at 0°C in 16 mM sodium phosphate,
pH 7.4 for 60 min and then subjected to the same analytical
procedures as the experimental samples. The percent dissociation
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of band 1 was calculated as

(height band 1/height band 3)
•
t
(feTght 'bind T/height band '3)"^'-;

the percent dissociation of band 2 was obtained from a similar equation.
The average dissociation of spectrin (bands 1+2) was calculated
[(height band 1 + height band 2)/height band 3]exper-jmental
[(height band 1 + height band 2)/height band 3]con-(:roi
(area bands 1+2/area band 3)
H
-—-n-+°_L . These two methods of
(area bands 1+2/area band 3)control

or as

calculation for the average dissociation of spectrin yielded the
same results within experimental error (±10%). Using an identical
procedure, Bennett and Branton (138) have shown that less than 4%
of the extracted spectrin is pelleted through 20% sucrose when
centrifuged in the absence of membranes.

B. RESULTS AND DISCUSSION

The ionic strength dependence of spectrin dissociation from
eosin-1abeled ghosts on incubation at 37°C for 60 minutes is
presented in figure 23. At phosphate concentrations greater
than 5 mM, approximately 15-20% of bands 1 and 2 were dissociated;
this amount did not change with increasing ionic strength at least
up to 44 mM phosphate. Below 5 mM phosphate there was an abrupt
transition in the stability of the spectrin-membrane complex
leading to 74% dissociation of spectrin (band 1:80%; band 2: 64%)
at 0.1 mM phosphate. At 2 mM phosphate the degree of dissociation
of band 1

(45%) was significantly greater than that of band 2 (18%);

.

-
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Figure 23. Ionic Strength Dependent Pissociation of Spectrin.
See text for experimental details. For comparison
a curve of diffusion coefficient vs. ionic strength
at 37°C is reproduced from fig. 17.

cm /sec at 37°C

(curve b)

114

Figure 23.
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at all other buffer concentrations the extents of dissociation of
the two components of spectrin were not significantly different.
Figure 23 is in agreement with previous reports of spectrin
elution from erythrocyte ghosts at low ionic strength (14,16,126,
138,150,212-215). Quantitative measurements of spectrin elution
vs. KC1 concentration (pH 7.6, incubation for 30 min at 37°C)
showed a relationship very similar to that found in this chapter
for spectrin dissociation vs. phosphate concentration. Thus,
-20% dissociation at KC1 concentrations greater than 10 mM
was found, with a sharp increase in elution below 10 mM KC1
leading to a maximum of 60-80% dissociation at 0 mM KC1 (ref. 138).
The buffer concentration at which 50% dissociation occurred was
5 mM KC1

(ionic strength

2 mM NaPO^

(y

(y)

= 5 mM, ref. 138) compared with

- 5 mM, this study).

Figure 23 also presents a comparison of the ionic strength
dependence of spectrin dissociation with that of the diffusion
coefficient for eosin-labeled band 3 in ghost membranes. In
both cases, the ghosts were incubated for 60 minutes at 37°C,
eliminating the effects of temperature and time from the comparison.
It is readily apparent that changes in spectrin dissociation
occurred only at very low ionic strengths whereas increases
in the diffusion coefficient occurred at much higher phosphate
concentrations. The elution of 20% of the total spectrin
at high ionic strengths is an interesting observation in
its own right, and may indicate heterogeneity of spectrin binding
to the membrane (ref. 138: see chapter 6). This is especially
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noteworthy because the 20% dissociation seen on incubation at
37°C did not occur in the control samples, which were incubated
at 0°C. Nonetheless, this degree of spectrin dissociation was
constant over the ionic strength range in which the lateral
mobility of band 3 changed greatly, and complete spectrin
dissociation alone cannot explain the increases in diffusion
coefficient.
The relationship between spectrin elution and ghost membrane
vesiculation is intriguing. As noted in chapter 4, photobleaching
recovery experiments at 37°C at phosphate buffer concentrations
less than 10 mM were prevented due to rapid and total membrane
vesiculation. Extensive ghost membrane vesiculation was also
seen at 37°C in 8 mM NaPO^ buffer in another study (150). In this
chapter, however, it was shown that significant (>20%) elution
of spectrin from the ghost membrane did not occur until the buffer
concentration was decreased below 5 mM phosphate. From these data,
it would appear that membrane vesiculation occurs just before
complete dissociation of spectrin, the major cytoskeletal protein.
This is yet another indication that significant changes in membrane
structure are possible without total removal of the cytoskeleton.
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CHAPTER 6. DISCUSSION

The data reported in this dissertation describe a wide range
of phenomena concerning the lateral mobility of band 3 in the
human erythrocyte membrane. Within a fairly narrow range of temp¬
eratures (21°C-37°C) and ionic strengths (5-46 mM NaPO^, pH 7.4),
conditions are described under which fifty-fold changes in
diffusion coefficient (4-200 x 10

cm /sec) and nearly maximal

changes in the mobile fraction of band 3 (10%-90+%) occur. Clearly
the lateral mobility of this integral membrane protein is regulated
in some systematic way. In this discussion six possible models
for intramembranous forces capable of restricting translational
diffusion of band 3 are presented. Careful consideration of the
present data, as well as other observations from the literature,
leads to a rejection of all but two of the models as likely
options. Both of these involve an intimate association between
the cytoplasmic portion of band 3 and the cytoskeleton of the
erythrocyte membrane: one proposes a specific, low-affinity complex
between band 3 and some immobile cytoskeletal component (most
likely spectrin); the other postulates a nonspecific entanglement
of band 3 in the cytoskeletal reticulum formed by spectrin,
actin, and various other peripheral membrane proteins.
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A. COMPARISONS WITH MEASUREMENTS OF TRANSLATIONAL AND ROTATIONAL
DIFFUSION

Before considering specific models of erythrocyte membrane
structure, it is relevant to compare the lateral mobility data
obtained in this work with various measurements of translational
and rotational diffusion for integral membrane proteins (including
band 3) in the literature. Peters et al.

(7) reported a maximum

translational diffusion coefficient of 3 x 10

-12

2
cm /sec for

fluorescein-isothiocyanate (FITC)-labeled erythrocyte membrane
proteins in ghosts suspended in 7 mM NaPO^ buffer, pH 8.0 (y=25 mM)
at V20-23°C. This value is in apparent disagreement with the results
of the present study, in which a diffusion coefficient for band 3
in ghost membranes of 9.5±2.3 x 10

-11

2
cm /sec (with a fractional

recovery of 51±14%) in 9 mM NaPO^ buffer, pH 7.4 (u=23 mM) at
21°C was observed. In hindsight, however, there were several
erroneous assumptions made in the paper of Peters et al. which
led to an artificially low estimate of the diffusion coefficient
of the integral membrane proteins. An SDS-polyacrylamide gel scan
of FITC-labeled ghosts (see fig. 3b of ref. 7) shows approximately
40% of the label on band 3 or glycophorin, with about 10% on
spectrin and about 50% either bound to lipid or noncovalently
attached to the membrane in some way. The label on spectrin
would presumably be immobile, while the lipid-bound or noncovalently bound fluorophore would probably exhibit extremely rapid
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diffusion (see table 3). The authors took their first measurement
of fluorescence recovery at 3 to 3.5 minutes after bleaching,
however, by which time all the rapidly diffusing fluorophore
could have recovered. It can also be calculated that, within this
time period, about 40% of the maximum band 3-associated fluorescence
recovery would have already occurred, given a lateral diffusion
coefficient of 9.5 x 10

cm /sec (see fig. 2 of ref. 7). Since

the fractional recovery of band 3 fluorescence at this ionic
strength is only about 50% (table 5), the expected overall recovery
of fluorescence between 3 and 23 minutes after bleaching is
40% x 60% x 50%, or about 12%. In fact, Peters et al. estimated
a fluorescence recovery during this time period of 9±7%, indicating
actual agreement with the present study.
Fowler and Branton (8) used inactivated Sendai virus to fuse
a 50/50 mixture of unlabeled and FITC-labeled erythrocytes (>70%
of label on band 3 or PAS-1) in 310 mOsm phosphate-buffered
saline, pH 7.6, at 0°, 23°, 30°, and 37°C. Minimum translational
diffusion coefficients for the integral membrane proteins were
determined from the rate of appearance of fused cell pairs with
"uniform" distribution of fluorescence, based on a model for
diffusion from one half of a spherical shell into the other (see
table 2). Given the uncertainties concerning the (possibly temper¬
ature-dependent) effects of Sendai virus fusion, the unknown
influence of immobile fluorophore on the scoring system used to
determine the percentage of fused cells which are "uniformly
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fluorescent" (see fig. 3 of ref. 8), and the fact that a spherical shell model for diffusion will underestimate the actual diffusion
coefficient in an hourglass-shaped system (see fig. 2b of ref. 8),
the cell fusion results compare favorably with the FPR measurements
at high ionic strength of this work. Thus, the diffusion coefficients
at all temperatures agree to within a factor of 6-7; the photobleaching
recovery values are greater than the cell fusion results in
all cases, as expected.
The acetylcholine receptor (AChR) in developing rat myotube
membrane (176) and rhodopsin in frog retinal rod outer segment
disc membrane (169) are both integral membrane proteins whose
lateral mobilities in the membrane have been carefully studied.
The rhodamine-a-bungarotoxin-labeled AChR in the diffusely fluorescent
region of myotube membrane has an apparent diffusion coefficient
of 5±2 x 10"11 cm^/sec at 22° and 16±3 x 10"*^ cm^/sec at 37°C,
with fractional recoveries of 75% in both cases. In contrast, the
AChR in the patchy, densely fluorescent region has a diffusion
coefficient of <10

-12

2

cm /sec, with fractional recovery^O. The

data for the diffuse region are similar to values for band 3
lateral mobility under conditions in which the fractional recovery
of fluorescence is high but the diffusion coefficient is relatively
low (cf. values at 5 mM phosphate, 21°C, and at 26 mM phosphate,
37°C). The AChR is comparable in molecular weight to the band 3
dimer, and might be expected to have similar lateral mobility
in the plane of the membrane. A diffusion coefficient of 1-2 x 1 Cf^

2

cm /sec at 37°C has been shown to represent a considerable degree

N
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of restriction of band 3 diffusion, when compared to the maximum
_Q

observed diffusion coefficient of 1.9 x 10

O

cm /sec (fig. 22).

It is not unreasonable to postulate, then, that the lateral mobility
of the AChR in the diffuse region of the myotube membrane is
also restricted by membrane-associated forces other than bilayer
viscosity alone (see below), though obviously not to the same
extent as AChR in the densely labeled patches.
In contrast to the relatively slow diffusion of the AChR,
rhodopsin exhibits extremely rapid lateral diffusion in the plane
of the membrane (D=3.5±1.5 x 10-^ cm^/sec, f(°°)~100% at 20°C).
This diffusion rate is as fast as that of the lipid analogue dil
in several natural membrane systems (see table 3), and is thought
to represent unrestricted lateral mobility (i.e. mobility restricted
only by the viscosity of the bilayer) for this integral membrane
protein (2,169). The fastest lateral mobility of band 3 observed
in the present study (1.9±0.3 x 10"^ cm'Vsec, f(°°)>90% at 37°C)
is within experimental error of the rhodopsin diffusion rate, although
the band 3 measurement was made at a higher temperature. Given
the smaller molecular weight of rhodopsin compared to the band 3
dimer and the extraordinarily large percentage of cholesterol

in

the erythrocyte membrane compared to the rod outer segment membrane,
the agreement between the diffusion coefficients of rhodopsin at
20°C and band 3 at 37°C (under certain conditions) is striking.
A diffusion coefficient of 1.9 x 10

-9

2
cm /sec for band 3 may thus

be reflective of completely unrestricted lateral mobility (i.e.
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governed only by bilayer viscosity) in the erythrocyte membrane.
It is instructive in this regard to estimate the viscosity
of the erythrocyte membrane at 37°C, assuming that a translational
diffusion coefficient of 1.9 x 10

-9

2
cm /sec represents unrestricted

lateral mobility for band 3. There are two models for diffusion
in a viscous medium which can be employed for such a calculation.
The Einstein-Sutherland diffusion equation (cited in ref. 169) relates
the translational diffusion coefficient

of a large spherical

particle of radius r in an isotropic (three-dimensional) medium
to the viscosity of the medium n:
n =

where

k

(kT)/(6TrDTr),

is the Boltzmann constant and

T

(14)

is the absolute temperature.

An approximate radius for the intramembranous portion of the band 3
dimer (mol. wt. approximately 100,000 dal tons) of 40A is assumed,
as this value is approximately twice the radius estimated by Poo
and Cone (169) for the rhodopsin monomer (38,000 dal tons) in the
disc membrane and approximately half the diameter of the intramemb¬
ranous particles in the erythrocyte membrane (which may be an
overestimate). The resultant viscosity for a translational diffusion
coefficient of 1.9±0.3 x 10"^ cm^/sec at 37°C is 3±1P. This value
compares favorably with previous estimates of erythrocyte membrane
viscosity based on measurements of fluorescence polarization (216-218)
and methanol diffusion (219), and with estimates of membrane
viscosity in other systems (see table 7). The Saffman-Delbrdck
equation considers the translational diffusion of a cylinder of
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TABLE 7. ESTIMATES OF MEMBRANE VISCOSITY

membrane
erythrocyte ghosts
II
II
II
II
II

II
ll
II

temp,
°C

viscosity
(poise)

method

label

ref.

20
37
21
20
37
20

1.2
1.7
1-10
5-7
2-4
1.7

fl. pol.d

perylene

216

21
37
37

25-100
25-100
2-4d
28-40e

II

fl. pol.
fl . pol .
II

methanol
diffusion
rot. diff. band 3
rot. diff. band 3
lat. diff. band 3

II

retinol
DPHb
II

ll

217
218
II

methanol

219

EITCc
EITC
EITC

201
89
this
study

frog disc

21

0.6-6.0d

rot. diff. rhodopsin retinal

221

amphibian disc

21

l-4d

lat. diff. rhodopsin retinal

221

mouse-human
heterokaryon

37

8-10d

lat. diff.
surface antigens

fluorescence polarization
d 1,6-diphenyl-1,3,5-hexatriene
r

eosin-5-isothiocyanate

d calculated according to eqn. 14
8

calculated according to eqn. 15

fl.
antibody

2,163

radius a and height h through a two-dimensional viscous medium
of viscosity n (i.e. the lipid bilayer) which is bounded on either
side by a much less viscous medium of viscosity n'

(i.e. the

intracellular and extracellular aqueous fluid):

D-r

kT
nh
= -(In-y),
4-rrnh
n1 a

(15)

where y is Euler's constant (0.5772). Again assuming the radius
of the band 3 dimer to be 40A, and taking values for the thickness
of the hydrophobic membrane core of 40A and for the aqueous phase
viscosity of 1 x 10

_2

P, the bilayer viscosity implied for D^- =

1.9±0.3 x 10~9 cm^/sec at 37°C is 34±6P. It should be noted that
this estimate of viscosity is inversely proportional to the value
chosen for the membrane thickness but relatively insensitive to
small changes in particle radius, while the viscosity estimated
from the Einstein-Sutherland relation is linearly related to
particle radius but (of necessity) independent of membrane thicknes
The bilayer viscosity as estimated from the two-dimensional
diffusion equation differs by an order of magnitude from that
calculated assuming diffusion in an isotropic three-dimensional
medium. It is in agreement, however, with the estimate of viscosity
based on rotational diffusion of eosin-1abeled band 3 in the ghost
membrane (table 7). It is not at all clear that the bilayer
viscosity sampled by small molecular probes such as diphenylhexatriene and methanol is the same effective viscosity governing
the motion of large membrane proteins, nor is it obvious that a
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three-dimensional diffusion equation has any quantitative bearing
on a two-dimensional diffusion process. Furthermore, it is not
unreasonable to imagine a considerably greater viscosity for the
cholesterol-rich, sphingomyelin-rich erythrocyte membrane than
for other biological membranes which do not contain as much
cholesterol and sphingomyelin. The agreement between viscosity
estimates based on models for both translational and rotational
diffusion of band 3 in a two-dimensional viscous medium is striking,
and suggests that the effective viscosity of the erythrocyte
bilayer sampled by this integral membrane protein may be considerably
higher than previously estimated.
Rotational diffusion of eosin-1abeled band 3 has been studied
by observing the decay of flash-induced absorption anisotropy of
the eosin probe (89,201-203,222). A single rotational correlation
time of about 0.5 msec at both 21°C (201-203) and 37°C (89) in
5 mM NaPO^ buffer, pH 7.4 was originally estimated; this value
corresponds to a rotational diffusion coefficient about the membrane
normal

(D^) of 500-2000 sec""*. More recently, two components of

the decay of flash-induced anisotropy have been reported (222),
but their relationship to any physical model

(such as rapidly

and slowly rotating forms of band 3) cannot be unambiguously stated.
In particular it is difficult from this data to implicate any
particular membrane-associated process in restriction of the
rotational mobility of band 3, since the physical meaning of
the anisotropy decay components is highly uncertain. In the rapid

.
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diffusion limit, however, a comparison between the translational
and rotational diffusion coefficients is instructive. At 37°C
a considerable contribution to the overall anisotropy decay is
made by the fast component, which has a rotational correlation
time of about 0.15 msec (ref. 222). Let us assume that this
represents the smallest possible correlation time for band 3
rotation at 37°C. The theoretical relationship between translational
and rotational diffusion coefficients for protein embedded in a
lipid bilayer (220) can then be used to estimate the translational
diffusion coefficient which should be supported by the lipid
viscosity at 37°C:
Dt
9
nh
— = a^ (In-Y).
Dp

06)

n' a

For a bilayer viscosity of 30P (see above), a maximum translational
diffusion coefficient of 1.8-7.2 x 10

-9

2
cm /sec would be expected.

The agreement between the predicted value and the value obtained
in the present study (1.9+0.3 x 10

cm /sec) is striking, suggesting

that in the rapid (or unrestricted) mobility limit at least,
rotation and translation of band 3 are governed by identical forces.
It should be noted that rotational diffusion of band 3 has only
been measured at low ionic strength, where the fraction of band 3
which is free to diffuse laterally is >70% (table 5). Measurements
of rotational mobility under high ionic strength, low temperature
conditions would be very instructive in deciding whether the
membrane-associated process which causes translational immobilization
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of band 3 (i.e. low fractional recovery) also induces rotational
immobilization of band 3.

B. MODELS OF ERYTHROCYTE MEMBRANE STRUCTURE

From the data presented in this dissertation, it appears that
there are at least two separate processes restricting the lateral
mobility of band 3 in the human erythrocyte membrane. One process
regulates the fraction of band 3 which is free to diffuse in the
plane of the membrane; the other controls the rate at which the
mobile fraction of band 3 diffuses. Both processes are dependent
on ionic strength and temperature, in that high ionic strength
(46 mM phosphate) and low temperature (21°C) favor immobilization
(10% mobile) and slow diffusion (D = 4 x 10”^ cm^/sec) of band 3,
while low ionic strength (13 mM phosphate) and high temperature
(37°C) favor mobilization (>90% mobile) and fast diffusion
(D = 2 x 10

cm /sec) of band 3. Detailed analysis of the ionic

strength and temperature dependencies of these two experimental
parameters reveals, however, that they are clearly dissociated
and therefore must result from at least two different membraneassociated processes. Thus, increases in the fraction of mobile
band 3 to near maximal levels (>75%) always precede (i.e. occur
at higher ionic strength and lower temperature than) large
increases in the diffusion coefficient. Similarly, on prolonged
incubation of ghosts at constant ionic strength (13 mM NaPO^, pH 7.4)
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and temperature (37°C), the mobile fraction increases within one
hour to 90+% while the diffusion rate of the mobile fraction
increases only slowly for the first hour and much more rapidly
over the following two hours. Further evidence of the dissociation
of the processes responsible for regulating immobilization and
diffusion is the difference in reversibility of these two parameters:
changes in the diffusion rate of band 3 with temperature are
promptly and totally reversible whereas increases in the mobile
fraction of band 3 are only slowly and partially reversible.
There are at least six theoretical membrane-associated processes
capable of regulating the lateral mobility of band 3 to some degree.
In increasing order of likelihood, these include: 1) electrostatic
repulsion between putative band 3-glycophorin complexes; 2) lipid
domain formation on the membrane; 3) planar aggregation of band 3
dimers; 4) lipid viscosity; 5) specific complex formation between
band 3 and some immobile cytoskeletal component; and 6) nonspecific
entanglement of the cytoplasmic portion of band 3 in the cytoskeletal
network.
An association between band 3 and glycophorin in the intramembranous particles revealed on freeze-fracture of the erythrocyte
membrane has been postulated for some time (see chapter 1). Such
a complex might render band 3 mobility susceptible to ionic
strength changes, since the electrostatic repulsion between
such particles (due to the very large amount of negatively-charged
sialic acid present on each glycophorin monomer) would become
accentuated at low ionic strength. One would not expect the

■
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lateral mobility of the putative band 3-glycophorin complex to
be especially temperature-sensitive, however, if electrostatic
repulsion were the major factor governing restriction of mobility.
In addition, electrostatic effects would be expected to become
manifest instantaneously upon changes of ionic strength or
other conditions; the characteristic slow rise in diffusion
coefficient on prolonged incubation at 37°C (fig. 22) thus argues
strongly against this mechanism.
The likelihood of domain formation in the erythrocyte membrane
is low on several accounts, including the results of the present
study. X-ray diffraction studies indicate that there is negligible
liquid-crystalline phase lipid present in the erythrocyte membrane
above 0°C (ref. 223). Similarly, differential scanning calorimetry
could not detect a phase transition below 40°C (ref. 224). Both
of these studies are consistent with the high cholesterol content
and heterogeneous lipid composition of the membrane. In the present
study the presence of domains smaller in area than about 1/4
of the total membrane surface was explicitly ruled out over a
wide range of ionic strengths and temperatures, since rebleaching
laser pulses delivered to the same area of eosin-1abeled ghost
membrane consistently resulted in 80-100% fractional recovery
of fluorescence after the third or fourth bleach. Had bounded
domains comparable in size to the focused laser spot been present,
fractional recoveries on rebleaching would never have reached
these high levels (see chapter 4).

Self-aggregation of band 3 dimers has been postulated as
the physical explanation for the temperature dependence of the
two components of rotational diffusion of eosin-1abeled band 3
(ref. 222). Large aggregates are highly unlikely, since crosslinking and solubilization studies show mainly dimers of band 3
(with some trimers and tetramers, but no higher aggregates), and
no temperature-dependent aggregation of band 3-associated
intramembranous particles in the erythrocyte membrane has ever
been seen. The increased trypsin susceptibility of band 3 at
low ionic strength (54) may imply a conformational change in
band 3 structure with ionic strength; there is no a priori
reason to suppose, however, that such a change would necessarily
be associated with aggregation of band 3 dimers. Nigg and Cherry
(222) invoke microaggregates of 5-10 band 3 dimers as sufficient
to explain the temperature dependence of the data on rotational
diffusion. Assuming a dependence of translational diffusion
coefficient on particle size of D=l/r, where r is the radius
of the particle, however, an aggregation of at least 2500 band 3
dimers would be necessary to explain a 50-fold change in diffusion
coefficient. Even this is probably an underestimate, since D
may actually have a log (1/r) rather than a 1/r dependence on
particle size (cf. eqn. 15 vs. eqn. 14). Clearly the large
changes in diffusion coefficient seen in the present study
under various conditions of ionic strength and temperature cannot
be explained on the basis of planar aggregation.

--

'
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There is little evidence for or against lipid viscosity as
a major mediator of large changes in the lateral mobility of
band 3. Obviously lipid viscosity plays a crucial role in setting
a "baseline" level of lateral mobility for integral membrane
proteins (see eqns. 14,15), but there are two pieces of circum¬
stantial evidence against this factor as a regulator of changes
in lateral mobility in the erythrocyte membrane. Preliminary
data indicate that the lateral diffusion coefficient of the
lipid probe dil in erythrocyte ghosts changes only two-fold
from 0°C to 40°C (ref. 191), implying that the membrane viscosity
also changes little over this wide range of temperatures. In
the present study we have shown temperature effects on the
diffusion coefficient to be highly time-dependent (fig. 22),
with a lag of more than 60 minutes between warming up to temperature
and achieving of the maximum rate of diffusion at that temperature.
Viscosity effects should become manifest almost instantaneously
on warming up to a given temperature. It is unlikely, therefore,
that large changes in lipid viscosity are responsible for major
alterations in the lateral mobility of band 3.
There is a great deal of experimental evidence to support the
contention that band 3 interacts intimately with the cytoskeleton
of the erythrocyte membrane. Indeed, it would be surprising on
steric grounds alone if such associations did not occur, since
the anastomosing cytoskeletal reticulum covers approximately
1/3 of the inner membrane surface (115) and a considerable portion
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of the band 3 molecule is entirely intracel1ular. Much of this
data is summarized in chapter 1, and will not be repeated here.
Of particular interest are the observations that: 1) cross-linking
between band 1 of spectrin and band 3 at pH 7.4 is ionic strength
dependent (occurring in isotonic KC1 but not in 10 mM KOI) (123);
2) antibodies directed against the cytoplasmic portion of band 3
inhibit spectrin binding to inside-out vesicles (6); and 3) approx¬
imately 10-15% of the total band 3 is tightly linked to ankyrin,
a cytoskeletal protein (146). None of these findings, however, is
conclusive proof that the major portion of band 3 forms a
specific complex with the cytoskeleton in a manner which could
restrict lateral mobility. Although up to 40% of band 3 remains
with the cytoskeleton upon Triton X-100 extraction of erythrocyte
ghosts in isotonic buffer (118), band 3 cannot be solubilized
with the major cytoskeletal proteins (spectrin, actin) in low
ionic strength medium and it does not serve as a high-affinity
binding site (Kp<10

-7

M) for spectrin on the inner membrane

surface (138).
If is claimed that the rotational diffusion of band 3 has
the same characteristics (rate, temperature dependence, etc.)
in spectrin-depleted membrane vesicles as in native ghost
membranes, and that this evidence excludes the spectrin-actin
network from any possible role in restriction of rotational
diffusion (201,222). These experiments were performed in low
ionic strength buffer (5 mM NaPO^), however, under which conditions

we find the (laterally) mobile fraction of band 3 to be high (>70%)
Unless the cytoskeleton is free to diffuse on the membrane (which
is unlikely but not impossible), one would expect specific band 3cytoskeleton bonds to immobilize totally the band 3 involved. Such
interactions, then,would surely decrease the fraction of band 3
which is mobile but would probably not affect the diffusion
coefficient of the mobile fraction. Since the rotational diffusion
measurements were gathered in a manner which is insensitive
to changes in the (laterally) mobile fraction of band 3, they can
tell us nothing about any process responsible for changing the
percentage of total band 3 which is mobile. If specific band 3cytoskeleton complexes were the physical explanation behind a
decreased fractional recovery of fluorescence at low temperature
and/or high ionic strength, then any change in rotational diffusion
due to such complex formation would not have been seen by Cherry
et al., even in intact ghosts. Thus, although specific interactions
between the major portion of band 3 and the cytoskeleton have never
been conclusively demonstrated, they have not been ruled out either
_r

In particular, a low-affinity (K^IO

_r

-10

M) complex between

band 3 and spectrin would not be inconsistent with any available
data. If such a complex were to form at high ionic strength and/or
low temperature, then it could easily lead to total immobilization
of the band 3 involved and hence a decreased fractional recovery
of fluorescence in FPR experiments. Furthermore, if the postulated
complex had specific steric requirements for formation such that,

'
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once disrupted, it would be difficult to reform, increases in
the fractional recovery governed by this process might be only
slowly and partially reversible, as seen in these experiments.
While formation of a stable, long-lived complex between
band 3 and some immobile cytoskeletal element could explain changes
in fractional recovery under various conditions, it could not
explain variations in the diffusion coefficient of the mobile
fraction of band 3. A satisfactory explanation for the large,
reversible changes observed in diffusion coefficient in this
study must involve more dynamic membrane forces affecting the
long-range environment in which the individual band 3 molecules
are diffusing. As noted above, lipid viscosity, domain formation,
planar aggregation, and electrostatic repulsion are unlikely
candidates for this dynamic membrane force. Nonspecific entangle¬
ment of the cytoplasmic portion of band 3 in the cytoskeletal
reticulum in a manner which is dependent on ionic strength,
temperature, and time seems to be the most probable explanation
for our data on diffusion coefficients. As we have seen, interactions
between various cytoskeletal elements are exquisitely sensitive
to the same parameters which affect lateral mobility strongly.
Thus, the elution of spectrin from ghost membranes as well as
the binding back of spectrin to inside-out vesicles, the vesiculation of ghost membranes, the spectrin dimer-tetramer equilibrium,
and the susceptibility of membrane proteins to cross-linking and
aggregation are all dependent on ionic strength and temperature.
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It is not difficult to imagine a metastable state of cytoskeleton
structure intermediate between tight binding to and complete
dissociation from the membrane which would allow rapid lateral
diffusion of band 3. Indeed, heterogeneity of spectrin binding
to the membrane in the form of high-affinity interactions with
ankyrin as well as low-affinity interactions with other membrane
proteins or membrane lipid has been postulated by at least one
author (138). The stabilities of the lipid-free cytoskeleton
formed on Triton extraction of ghosts and of the pure spectrinactin-band 4.1 shell produced after hypertonic treatment of the
intact cytoskeletal reticulum (118) are further indications that,
under some conditions at least, the cytoskeleton may be attached
to the membrane by very tenuous forces without involving actual
membrane fragmentation. To be consistent with our data on the
reversibility of the diffusion coefficient of band 3, the postulated
metastable state must be in rapid equilibrium (minutes to hours)
with the tightly bound form of the cytoskeleton; this is again not
unreasonable given the high affinity of at least one interaction
between spectrin and the membrane.
In summary, then, the model for erythrocyte membrane structure
most consistent with the data presented in this dissertation is as
follows. Under conditions of high ionic strength and low temperature,
nearly all of the band 3 is totally immobilized on the membrane,
either through specific, low-affinity complexes between the band 3
molecules and some immobile cytoskeletal component(s) (most likely
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spectrin in addition to ankyrin), or through severe restriction
within very small domains (molecular size) by entrapment in a
tightly bound cytoskeletal net. As the ionic strength is decreased
and the temperature increased, two sequential processes occur
which progressively lift the restrictions on band 3 lateral
mobility. The first process, which is only partially reversible,
allows a greater and greater proportion of band 3 molecules to
diffuse over large distances (at least 4y; see table 6) on the
membrane. This process probably involves either the breaking of
low-affinity bonds between the cytoskeleton and band 3 (if such
are actually formed), or the disruption of low-affinity bonds
between spectrin and other membrane elements such as lipid. While
the first membrane-associated process is sufficient for increases
in the percentage of the total band 3 which is mobile on the membrane
surface, it does not allow that mobile fraction to diffuse much
faster. For this a second, separate process is required, which
is more difficult to set in motion than the first process but
which is rapidly and totally reversible on a change of conditions
back to the original. The second process almost certainly involves
disruption of some spectrin-membrane bonds, as it occurs to an
appreciable degree only under conditions which approach (but do
not include; see fig. 23) complete spectrin dissociation from the
membrane and vesiculation of ghost membranes. Disruption of these
bonds would lead to a very loose but metastable state of cytoskeleton
structure which would allow unrestricted lateral mobility of band 3
in the plane of the membrane. It is impossible to say from these
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FPR data whether the spectrin-membrane bonds which are broken
are of the high-affinity (i.e. spectrin-ankyrin) type or the lowaffinity variety. For this distinction to be made with any degree
of certainty, it would be necessary to know whether all

(i.e. 100%)

or merely most (i.e. the 85-90% which is not ankyrin-1inked) of
band 3 is ever free to diffuse in the membrane; as discussed in
chapter 4, the experimental uncertainty in the measurement of
fractional recovery is too great to allow a definitive statement
on this issue.

C. CONCLUDING REMARKS

This thesis describes a series of phenomena concerning the
restriction of lateral mobility of band 3 in the human erythrocyte
membrane and the effects of changes in ionic strength, temperature,
and incubation time on that restriction. Possible molecular
bases for these phenomena are discussed, but further experimental
work is needed to elucidate further the mechanisms underlying the
control of lateral mobility. Such work would include studies
of glycophorin and even spectrin mobility on the membrane, using
specifically labeled endogenous proteins or labeled exogenous
protein fragments. Studies concerning the effects of inhibitors
of cytoskeletal binding such as spectrin, actin, or ankyrin
fragments on lateral mobility would also be informative. Finally,
correlation between integral protein mobility and specifically
labeled lipid mobility would provide further insight into the
relationship between the "fast diffusion limit" observed in this
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study and unrestricted protein mobility on the membrane (i.e.
controlled by lipid viscosity alone).
It is highly likely that changes in cytoskeletal structure
are responsible for part or all of the changes in lateral mobility
observed in the present study. If this is the case, then a detailed
analysis of changes in lateral mobility should help answer the
as yet unresolved questions relating to molecular interactions
both within the cytoskeleton and between the cytoskeleton and various
other membrane components. Such interactions are important in
maintaining red cell shape and flexibility, and may be governed
by dynamic equilibria regulating the state of phosphorylation
of membrane elements such as spectrin and band 3. The study
of these interactions is important not only for its clinical
relevance to various diseases of erythrocyte membrane structure
(e.g. hereditary spherocytosis), but also for its basic implications
concerning the structure and function of cytoskeleton-containing
membrane systems more complex than the erythrocyte.
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